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PREFACE

In this volume, the authors attempt to bring together information developed over
the past 6 years on all aspects of trihalomethanes as they relate to drinking water.
The major sections are; :

I Introduction

IL Measurement

111, Mechanism of Formation

Iv. Measurement for Treatment Evaluation

V. Examples of Treatment Evaluation Techniques

VI. Treatment Techniques to Remove Trihalomethanes
VIL - Treatment Techniques to Remove Trihalomethane Precursors
VIIL. Use of Alternative Disinfectants

IX. Maintaining Bacteriologic Quality

X. Treatment Costs

XI. Summary of Treatment Considerations

XII1. References

XL Appendix

Section I summarizes with references to the primary literature the discovery of the
trihalomethane problem, health and regulatory information. Sections II-V also
summarize the literature regarding key background information necessary for an
understanding of approaches to initiating control measures and evaluation of their
degree of success. Sections VI-X1 attempt to be more complete treatments of their
subjects including some previously unpublished in-house USEPA—Drinking Water
Research Division (DWRD) research results, and selected references to the primary
literature, sufficient to describe the state-of-the-art knowledge of trihalomethane

-treatment techniques, bacteriologic considerations and economic impact of

trihalomethane control strategies. Although the authors and contributors realize
that research is continuing on this subject and, therefore, new data will be
forthcoming, sufficient new information is available at this time to warrant this
update of the “Interim Treatment Guide for the Control of Chloroform and Other
Trihalomethanes™ June 1976 (Unpublished).

The authors and contributors hope this compilation of research material will
prove useful to those challenged with the responsibility of reducing the
trihalomethane content of our Nation’s drinking water.
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ABSTRACT

In 1974, trihalomethanes (chloroform, bromodichloromethane,
dibromochloromethane, and bromoform) were discovered to be formed during the
disinfection step of drinking water if free chlorine was the disinfectant. Various
surveys have shown that this reaction occurs wherever the above conditions are met.
This, coupled with the perceived hazard to the consumer’ health, led the U.S.
Environmental Protection Agency to amend the National Interim Primary Drinking
Water Regulations to include a maximum contaminant level of 0.10 mg/ L for total
trihalomethanes. The Safe Drinking Water Act (Public Law 93-523) requires that
every drinking water regulation contain a statement as to what treatment techniques
water utilities can employ to achieve compliance with the regulation as well as the
maximum contaminant level. This report satisfies the treatment document
requirement for the trihalomethane regulation. ’

Following a general discussion of measurement techniques, mechanisms of
formation, and techniques for evaluating treatment, the three approaches for
controlling trihalomethanes (removing trihalomethanes, removing trihalomethane
precursors, and the use of disinfectants other than free chlorine) are discussed in
detail. Finally, a thorough discussion of the impact of trihalomethane control on
bacteriologic quality of drinking water and the cost of the various unit processes
investigated is contained herein.

For trihalomethane removal, aeration—either by diffused-air or with
towers—and adsorption—either by powdered activated carbon or granular
activated carbon—is effective. The major disadvantage of this approach is that
trihalomethane precursors are not removed by aeration. For trihalomethane
precursor control, effective processes are: 1) oxidation by ozone or chlorine dioxide;
2) clarification by coagulation, settling and filtration, precipitative softening, or
direct filtration; or 3) adsorption by powdered activated carbon or granular
activated carbon. In addition, some modest removal or destruction of
trihalomethane precursors can be achieved by oxidation with potassium
permanganate, lowering the pH, or moving the point of chlorination to the clarified
water. Further, the utility’s source should be examined to determine whether or not it
can be improved to contain less trihalomethane precursor. Lowering of
trihalomethane precursor concentrations has the additional advantage of reducing
overall disinfectant demand, thereby reducing the possibility of the formation of all
disinfection byproducts. ) :

Neither chlorine dioxide, nor ozone, nor chloramines produce trihalomethanes at
significant concentrations when used alone as disinfectants. Furthermore, the cost of
any of these unit processes is very low. The major disadvantage of using alternate
disinfectants for trihalomethane control relates to the lack of any precursor removal.
Although no trihalomethanes will be produced as disinfection byproducts, other

- byproducts will still be produced as the oxidants (disinfectants) react with organic

matter in the water. Further, some of these byproducts will be halogenated if
chlorine dioxide or chloramines are used as the disinfectant alternative.
Additionally, each of the disinfectants itself has inherent disadvantages; for
example, ozone does not produce a residual for the distribution system; chloramine
is a weaker disinfectant than free chlorine and may itself have unique toxicologic
properties, and chlorine dioxide produces chlorite and chlorate as inorganic by-
products, anionic species whose health effect is currently unknown.

vif
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Each of these approaches has advantages and disadvantages as well as different
degrees of effectiveness and unit costs, and these are detailed herein to help water
utility managers, consulting engineers, Primacy Agencies, and others to choose the
best approach to solve a given problem. Studies have shown that any of these
techniques, if used properly and if final disinfection is applied diligently and
monitored closely, can be used for trihalomethane control without any deterioration
in bacteriologic quality at the consumer’s tap.
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° SECTIONI
INTRODUCTION

Since the 1974 discovery oftrihalomethane formation indrinking water as a result

of chloriqatidri,"z* much research has been conducted to determine:

whether trihalomethanes affect the health of consumers;

how trihalomethanes should be measured;

how water quality conditions influence trihalomethane formation;

treatment technique(s) a drinking water utility could use to reduce tri-

halomethane concentrations in distributed water;

5. what effect altering treatment procedures to control trihalomethanes will
have on the bacteriologic quality of distributed water; and

6. the cost of the various treatment possibilities.

H

RN

The results of these studies ‘were the basis for the U.S. Environmental Protection
Agency’s (USEPA) amendment to the National Interim Primary Drinking Water
Regulations issued November 29, 1979—an amendment establishing a maximum
contar?inant level (MCL) of 0.10 mg/ L total trihalomethanes (TTHM) in drinking
water.

Section 1401 (1)(D) of the Safe Drinking Water Act, Public Law 93-523, states
that “the term ‘primary drinking water regulation’ means a regulation which
contains criteria and procedures to assure a supply of drinking water which
dependably complies with such maximum contaminant levels. . .” and Section 1412
(a)(2) states that “National interim primary drinking water regulations promulgated
under paragraph (a)(1) shall protect health to the extent feasible, using technology,
treatment techniques, and other means, which the Administrator determines are
generally available (taking costs into consideration). . .” Thus, for any regulated
contaminant, a “Treatment Techniques” document must accompany the
establishment of a “Maximum Contaminant Level” (MCL) to provide compliance
guidance. This research report? satisfies the treatment document requirement for the
Trihalomethane Regulation and is a companion to the “Manual of Treatment
Techniques for Meeting the Interim Primary Drinking Water Regulations,” EPA-
600/8-77-005 (April, 1978).° For further information on the Regulation, * the reader
is referred to a document entitled “Trihalomethane Implementation Guidance™ that
is available from the Office of Drinking Water, USEPA, Washington, D.C.

The purpose of this research report is to review the discovery of the problem; to
summarize the results of research areas 1, 2, 3, 5, and 6 (above) and the
Trihalomethane Regulation®; and to detail the results of the treatment studies, i.e.,
research area 4 (above).

The first five Sections of this report provide background information needed to
understand and interpret the treatment research presented in Sections VI through
VIIL. In Section IX are summarized the findings concerning the impact of changing
treatment to control trihalomethane concentrations on the bacteriologic quality in
distributed water. This information will aid in understanding the interrelationship

*Key papers are cited as references; the reader is referred to the literature citations in each of these papers for a more complete

reading list. .
+This work has been synopsized in “Removing Tribalomethanes from Drinking Water—An Overview of Treatment Tech-
niques,™ J.M. Symons, A.A. Stevens, R.M. Clark, E.E. Geldreich, O.T. Love, Jr., and J. DeMarco. Water Engrg. & Mgmt.,
128 (7): 50-53, 56, 61-64, July 1981.

Section I. Introduction 1
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between disinfection practices, trihalomethane concentrations, and resulting -

bacteriologic quality. Section X on “Costs” will help the reader choose the most cost-
effective treatment technique by combining the information in Sections VI through
VIII on treatment effectiveness with the cost datain Section X. Section XI is a
summary of treatment approaches with discussions of cost/effectiveness tradeoffs
and examples of hypothetlcal situations that demonstrate how to select cost-effectwe
treatment strategies for THM control.

Discovery

Although sporadlc reports of the presence of chloroform and other
mhalomcthanes in finished drinking water occurred before 1974, the reports that
year by Rook' in The Netherlands and by Bellar, Lichtenberg, and Kroner® of
USEPA clearly demonstrated that these contaminants were formed during the water
treatment process as a result of chlorination. This finding prompted a survey inearly
1975 of 80 water utilities in the United States, 79 of which practiced free residual
chlorination or combined residual chlorination. This survey, the National Organics
Reconnaissance Survey (NORS), showed that all of the water utilities that used free
chlorine (sometimes called chlorine) in their treatment practice had varying
concentrations of at least four tnhalomethanes in their fmlshed drmkmg water and
that they were formed during treatment.” Follow-up studies® in 1975 and 1976,
including the National Organics Monitoring Survey (NOMS), unpublished at this
writing, confirmed this finding with samples collected at 113 locations during three
different seasons.

These surveys, combined with like resuits from all over the world, showed that the
reaction of chlorine to produce trihalomethanes was widespread and surely had been
occurring for as long as chlorine had been in use in water treatment.
Trihalomethanes in drinking water had usually escaped detection until 1974 because,
before that time, the analytic techniques used to measure the organic content of
water did not detect them. Once discovered, however, extensive research was begun
to determine if their presence in drinking water was a health hazard for consumers.
The results of the health effects studies that led up to the promulgation of the Tri-
halomethane Regulation? are summarized below.

Health Effects

People are exposed to chloroform in the air they breathe and the food they eat, |

Analysis of the relative contribution of chloroform in drinking water, air, and food
assumes various levels of exposure based on monitoring studies. Drinking water may
contribute from zero to more than 90 percent of the total daily body intake.

Chloroform has been shown to be rapidly absorbed on oral and intraperitoneal
administration and to be subsequently metabolized to carbon dioxide, chloride ion,
phosgene, and other unidentified metabolites. The mietabolic profile of chloroform
in animal species such as mice, rats, and monkeys is qualitatively similar to that in
humans,

Mammalian responses to chloroform exposure include: central nervous system

depression, hepatoxicity, nephrotoxicity, teratogenicity, and carcinogenicity. These
responses are discernible in mammals after oral and inhalation exposures to high
levels of chloroform ranging from 30 to 350 mg/ kg of body weight, the intensity of
response being dependent upon the dose. Although less toxicologic information
is available for the bromine-containing trihalomethanes, mutagemc’xty and carcin-
ogenicity have been detected in some test systems. Physiological activity is thought
to be greater for the bromine-containing trihalomethanes than for chloro-
form.

Although short-term toxic responses to trihalomethanes in drinking water are not
documented, the potential effects of chronic exposures to trihalomethanes should be
a matter of concern. Prolonged administration of chloroform at relatively high dose

2 Treatment Technigues for Controlling Trihalomethanes in Drinking Water
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levels, 100 to 133 mg/ kg, to rats and mice manifested oncogenic effects. Oncogenic
effects were not observed at the Jowest.dose levels, 17 mg/ kg, in three experiments,

Because methods do not now exist to establish a “threshold no effect” level of - .
exposure to carcmogens, the preceding data do not imply that a “safe”.level of

exposure can be established for humans.

Human epidemiologic evidence is inconclusive, alth‘ough several studles have

found posmve associations with some cancer sites. Eighteen retrospective studles,
discussed in detail in Attachment 7 of the Trihalomethane Regulation,’ have
investigated some aspect of a relationship between cancer mortality or morbidity
and drinking water variables. Because of various limitations in the epidemiologic
methods, difficulties with the water quality data, and problems with the individual
studies, the present evidence does not lead to a firm conclusion that an association
exists between contaminants in drinking water and cancer mortality or morbidity;
causal relationships cannot be proven on the basis of results from epidemiologic
studies.  When viewed -collectively, however, the epidemiologic studies provide
sufficient evidence for maintaining the hypothesis-that a health risk may be occurring
and that the positive relationships may be reflecting a causal association between
constituents of drinking water and cancer mortality.

Using different models, the Science Advisory Board, the National Academy of
Sciences, and USEPA’s Carcinogen Assessment Group have estimated the
incremental risks associated with the‘exposure from chloroform in drinking water.
The exposure.to chloroform from. air and food has not been included in these
computations. The risk estimates associated with the TTHM MCL of 0.10 mg/ L; are
essentially the same from the National Academy of Sciences and the Carcinogen
Assessment-Group computations, i.e., they would predict an incremental risk of
three to four per 10,000 population consuming 2 liters of water contammgO 10 mg/ L
chloroform daily for 70 years. .

In summary,‘on the basis of the available toxicologic data, chloroform has been
shown to be a carcinogen in mice and rats at high dose levels. Because its metabolic
pattern in animals is qualitatively similar to that in humans, chloroform should be
suspected of being a human carcinogen. Epidemiologic studies also suggest a human
risk. ‘Although documentation -of other trihalomethane toxicity is not so well
established, they should be suspected of posing similar risk. Because of these
suspected health effects, the Trihalomethane Regulation was promulgated on
November 29, 1979.° The Trihalomethane Regulation is summarized ‘below.

Regulatioh'

Hlstory—

Four statements in the Federal Reglster
control, of organic contaminants in drinking water. The first statement was an
Advance Notice for Proposed Rulemaking published July 14, 1976, in which the
USEPA proposed several options for the control of trihalomethanes and other
organic contaminants in drinking water and requested comments from the public.

3:9-11

As a result of this statement and the public comments, USEPA proposed a -

two-part Regulation for organic contaminant control in drinking water on February
9, 1978.'° This document specified an MCL.for the control of trihalomethanes and
specified that a treatment technique, granular activated carbon, be installed-at water
utilities where source waters were significantly contaminated for the control of other
synthetic-organic contaminants.*. :

On July 6;:1978, the USEPA published supplemental techmcal mformatlon on

this subject and extended the public comment perlod ! The final Regulation forthe .

control of trihalomethanes only was published in the Federal Register on November

*Note, although the Fcbruary 9, 1978, pmpo.redTnhalomelhane Regulauon is of(en misunderstood to say that the USEPA»

was- proposing to require the use of granular activated carbon adsorption for the control ofu hal hane rations?

this was nor the case, -

Section I. Introduction 3
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29, 1979.% In this same document, the proposed regulation of other synthetic organic
contaminants by using granular activated carbon treatment was deferred, and may
be re-proposed at a later time. '

On January 11, 1980, the American Water Works Association, together with the
City of Englewood, Colorado, and the Capital City Water Company, a Missouri
corporation, filed a Petition for Review with the U.S. Court of Appeals for the
District of Columbia Circuit, asking the court for “a review of a final rule” as allowed
by Section 1448 (a)(1) of the Safe Drinking Water Act (Public Law 93-523). At this
writing no action has been taken on this Petition.

Summary of Trihalomethane Regulation (promulgated November 29, 1979)3 =

Maximum Contaminant Level (MCL): ‘
0.10 mg/ L total trihalomethanes (TTHM) (Sum of concentrations of
compounds 1, 2, 3, and 4, Table 1).

Applicability: , (

Community water systems that add disinfectant to the treatment process
(ground and surface).

Effective:
Systems >75,000: 2 years after promulgation
Systems 10-75,000: 4 years after promulgation -
Systems < 10,000: Discretion of Primacy Agency (State, or USEPA

if the State does not have primacy)

Monitoring Requirements:

Twelve-month-running average of a minimum of 4 samples per quarter
per treatment plant taken on the same day. Systems using multiple wells
drawing raw water from a single aquifer may, with Primacy Agency
approval, be considered to have one treatment plant for determining the
required number of samples.

Effective:
Systems > 75,000: 1 year after promulgation
Systems 10-75,000: 3 years after promulgation
Systems < 10,000:  Primacy Agency discretion

Sample Locations:
25 percent at extremity of the distribution system; 75 percent at locations
representative of the population distribution.

Adjustment of Sampling Frequency:

For groundwater systems, reduced monitoring may be appropriate for
certain systems. The Primacy Agency may reduce the requirements
through consideration of appropriate data including demonstration by
the system that-the maximum total trihalomethane potential* (MTP) is
less than 0.10 mg/L. The minimum frequency would be one sample’per
year for M TP taken at the extremity of the distribution system. For
groundwater systems not meeting the above MTP limit and for surface
water systems, the Primacy Agency may reduce the monitoring require-
ments if, after 1 year of data collection, TTHM concentrations are
consistently below 0.10 mg/L. The minimum frequency would be one
sample per quarter per treatment plant for total trihalomethanes taken
at the extremity of the distribution system. The original frequency would
be reinstated if the TTHM concentrations exceed 0.10 mg/L or if the
treatment or source is modified.

*The maximum total trihalomethane potential is defined as the total trihal hane ration in a sample after storage
for 7 days at 25°C (77°F) or above in the presence of a disinfectant residual or after the use of USEPA method 501.1 if no
dlisinfectant residual is present after initial storage. : :

4 Treatment Techniques for Controlling Trihalomethanes in Drinking Water

DIM0282163



DIM0282148

Reporting Requirements:
" To Primacy State: n
Average of each quarterly analysis, within 30 days. Until anacy States
" have adopted’ the regulations, reporting will be to USEPA ‘uniess
Primacy State requests receipt of data ’
To Public and Primacy State:

Running-12-month average of each quarterly sample i xf total trihalo-
methane concentration exceeds MCL as prescrlbed by the pubhc
notification provisions.

5"

Other Requzremenzs

To Ensure Mlcrobnologlc Quahty ) s ‘
-:PHimacy Agency-approval of significant modlflcatlons in the treatment
process for the purpose of meeting the TTHM MCL.
Analytic Requirements:
In accordance with specified methods (purge and trap or liquid-liquid
' extraction) conducted by certified laboratones (see Section I1, Measure-
ment).

As a further aid to understanding the Regulation® thie reader is referred to the
document “Trihalomethane Implementation. Guidance™ that is- available from
Office of Drinking Water, USEPA, Washington, D.C. The Appendix contains the
entire Trihalomethane Regulation from the Federal Register.

[

o . : Section I. Introduction. 5
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SECTION I
MEASUREMENT -

Appendix C of the Trihalomethane Regulation® contains a detailed description of
the USEPA approved methods for sampling and analyzing drinking water for
trihalomethane concentrations. These techniques are summarized here so that the
reader will understand the general approach. : :

Sample of Collection and Handling

1. The sample containers should have a total volume of at least 25 mL. Narrow-
mouth screw cap bottles with polytetrafluoroethylene (PTFE) faced silicon septa cap
liners are strongly recommended.

2. If the trihalomethane concentration at the time of sampling is desired, a
chemical reducing agent, sodium thiosulfate or sodium sulfite, must be added to the

sample to arrest the formation of trihalomethanes after sample collection. If .

chemical stabilization is employed, the reagent must be also added to the blanks.
3. The sample bottles are filled in such a manner that no air bubbles pass through

the sample as the bottle is filled. The sample is then inverted; the absence of.

entrapped air indicates a successful seal.

4. If a chemical reducing agent has been added to the sample bottle, the bottle is
shaken vigorously for 1 minute after sealing the bottle.

5. Blanks are prepared in duplicate at the laboratory by filling and sealing sample
bottles with waters containing a low concentration of organics just before shipping
the sample bottles to the sampling site. The blanks are shipped to and from the
sampling site along with the sample bottles. The blanks and the samples collectedata
given site are stored together. -

6. The procedure recommends that all samples be analyzed within [4 days of
collection.

Measurement Techniques

Although other techniques were investigated,'? the USEPA has approved two gas
chromatographic (GC) techniques for the measurement of trihalomethanes. These
are generally called the “Purge and Trap” and “Liquid-Liquid Extraction”
techniques. Although both methods have advantages and disadvantages, when
performed properly, the;r have been shown to produce equivalent results for
trihalomethane analysis.!? The two appoved methods are summarized below:

Purge and Trap Summary—

1. Trihalomethanes are purged by an inert gas that is bubbled through the aqueous
sample. The trihalomethanes, along with other organic constituents that exhibit low
water solubility and a vapor pressure significantly greater than water, are efficiently
transferred from the aqueous phase to the gaseous phase. These compounds are
swept from the purging device and are trapped-in a short column containing a
suitable sorbent. After a predetermined time, the trapped components are thermally
desorbed and backflushed onto a gas chromatographic column and separated under
temperature programmed conditions. Measurement is accomplished with a halide
specific detector such as electrolytic conductivity or microcoulometric titration.

6 Treatment Techniques for Controlling Trihalomethanes in Drinking Water
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2. Confirmations of identity may be obtained using dissimilar columns, or by mass
spectrometry (MS).

3. Aqueous standards, blanks, and unknowns are purged and analyzed under
identical conditions to compensate for varying purging recoveries.

4. The total analysis time, assuming the absence of other organohalides, is
approximately 35 minutes per sample.

Liquid-Liquid Extraction Summary—

1. Ten mL of sample are extracted at one time with 2 mL of solvent (péntane,
hexane, or methylcyclohexane). Three uL of the extract are then injected into a gas
chromatograph equipped with a linearized electron capture detector for separation
and analysis. The absence of trihalomethane peaks in the raw water is generally
ample evidence of an interference-free finished water analysis.

2. When needed, confirmatory evidence may be obtained using dissimilar columns
and temperature programming. When component-concéntrations are sufficiently
high (>50 ug/ L), halide specific detectors may be employed for improved specificity.
Unequlvocal confirmations of identity at high concentrations (50 ,ug/ L) can be
obtained using MS in place of the electron capture detector. At concentrations below

50 ug/L, unequivocal confirmation of identifications can only be performed by the -

purge and trap technique outlined above.

3. Standards are dosed into water with a low concentration of organics, and the
standards are extracted and analyzed in a manner 1dent|cal to the samples to" -

compensate for possible extraction losses:
4. The extraction and analysis time is 10 to 50 minutes per sample depending upon
the chromatographlc conditions chosen.

Units of Concentration—

Because the gas chromatographic techniques used to measure trihalomethanes are

based on grav1metr1c (weighed) standards, and because the Trihalomethane
Regulation® is based on total trihalomethanes summed on a weight basis, pg/L
trihalomethane concentrations are most often seen in the literature expressed in this
manner. Frequently, however, expressing the concentration in terms of chemical

equlvalents (micromoles/L) is more desirable. Chemical equivalents are an

expression of the number of molecules present (6.02 X 10"’/ pmol), and are, there-

fore, a better unit of expression when concentrations of reactive sites (precursors) or

active sites (adsorption) are being discussed because the interpretation of research
results will not be. influenced by the differing molecular weights of the
trihalomethanes. present in various mixtures. Throughout this document, both
systems of units are used. In detailed interpretation of research results, the units of
umol/L are the most appropriate; however, to aid the reader injudgingthe success of
a water utllrty to meet the Trihalomethane Regulation,’ the data are more often
reported in terms of weight concentration (ug/L) rather than, or in addition to, the
more chemically meaningful molecular concentration (umol/L). -

Quallty Assurance o : ‘ ) i

The USEPA hasseta requrrement that, to beapproved, a laboratory must be able

to measure the concentration of the individual trihalomethanes as well as the TTHM .

concentration in a quality control sample supplied by USEPA to within £20 percent

of the “true” value. This determination must be made annually. If, after an.

investigation of its. procedures, a laboratory cannot meet this requirement, it is
allowed to demonstrate its effectiveness on repeat quality control samples.

Section ll. Measurement 7
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Surrogate Measurements

Because the analysis for the presence of trihalomethanes is a GC procedure
requiring skilled operators and some time to complete, a simple rapid surrogate
measurement that would predict trihalomethane concentrations seemed desirable.
Because chlorine reacts with precursors to form trihalomethanes, a test that would
measure the precursor concentrations in water was thought to be useful for
predicting trihalomethane concentrations.

No direct test for trihalomethane precursors exists,* so a test for general organic
content was considered as an alternative. The difficulty with using a general organics
test as a measure of trihalomethane precursors is that precursor concentrations are
not a constant percentage of the general organic content. Nevertheless, in the report’
of the National Organics Reconnaissance Survey,” nonpurgeable organic carbont
(NPOC) was proposed as a surrogate analytic test for the trihalomethane
measurement. The report’ suggested that raw water NPOC concentrations could be
used to predict TTHM concentrations in micromoles per liter in finished water (1
umol/L is approximately 120 ug/L as CHCl). )

For the analysis of the data in Reference 7, the NPOC data were grouped in
concentration ranges and the mean TTHM concentration for all data in a given
NPOC range was plotted against the mid-point of the given NPOCrange. These data
were very linear when plotted arithmetically. Subsequent research (sce Section I,
Mechanism of Formation) showed, however, that several water quality conditions
such as precursor type, temperature, pH, bromide concentration, and disinfectant
type, as well as time of exposure to free chlorine before measurement influenced the
resulting TTHM concentration in a given location. Therefore, the suggestion noted
above was reviewed. S

Figure 1, in which all the data from the NORS are plotted, shows the scatter
around the line of best fit by least squares. The correlation coefficient, 0.77, is highly
statistically significant, showing that, in general, waters with higher NPOC
concentrations will produce more trihalomethanes than waters with lower NPOC
concentrations. The scatter, however, is great, as demonstrated by the high
calculated 95 percent confidence limit, 0.5 gmol TTHM per liter (approximately
+60 ug/L as CHCl;) around the mean.

The unpublished data from the National Organics Monitoring Survey confirmed
this lack of precise prediction, although there, finished water NPOC concentrations
were correlated with finished water TTHM concentrations. Similar findings resulted
from a USEPA-sponsored project at the Jefferson Parish, Louisiana, water
treatment plant.'

Therefore, reasonably precise predictions of trihalomethane concentrations
cannot be made from NPOC measurements because of variations in yield caused by
the environmental factors noted above and discussed in Section 111, below. This
concept was missing from Reference 7, and therefore, the conclusion relating to the
relationship between NPOC and trihalomethane concentrations was overstated
therein. The only demonstrated reliable method of precisely determining the
trihalomethane concentration is to obtain the necessary equipment and technical
staff to perform the analysis directly.’ Only with considerable experience of
comparative results between direct TTHM measurements and NPOC
determinations may a given utility be able to effectively use the simpler NPOC
measurement as a useful surrogate parameter.

*A methed for measuring trihalomethane precursors indirectly is discussed in Section IV, Measurement for Treatment
Evaluation, ;

$That portion of the total organic carbon concentration that remains in a sample after the carbon dioxide has been purged
under acid conditions.

& Treatment Techniques for Controlling Trihalomethanes in Drinking Water
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SECTION III
MECHANISM OF FORMATION

Nomenclature

For those readers unfamiliar with organic nomenclature, the following discussion
defines some of the terms. Although methane gas does not seem to be involved, the
reaction of chlorine in water with certain organic compounds, under certain
conditions, produces a group of halogen-substituted single carbon compounds.
These compounds are named as derivatives of methane (CH,) (Table 1).

Under typical circumstances, the trihalomethanes produced in drinking waterare
dominated by compounds 1 and 2, but compounds 3 and 4 are frequently found.and
compounds 5 and 6 have been detected (Table 1). Note, the arithmetic sum of the
concentrations of compounds 1, 2, 3, and 4 has been defined in the Trihalomethane
Regulation® as “Total Trihalomethanes” (TTHM).

General Mechanism

The formation of trihalomethanes during free chlorination of drinking water
results from a complicated mechanism of attack by aqueous halogen species on
natural aquatic humic substances, i.e., humic and fulvic acids, rather than organic
compounds whose source is industrial water pollution. Thus, trihalomethanes result
from the generalized reaction:

PRECURSORS
FREE - OTHER
+ (HUMIC SUBSTANCES) — TRIHALOMETHANES +
CHLORINE D BROMIDE BYPRODUCTS

Several factors influencing this reaction'*”'” are summarized below. Design of the
most effective treatment strategy depends on a knowledge of the trihalomethane
formation reaction and the factors controlling it.

Effect of Time

The formation of trihalomethanes under natural conditions is not instantaneous.
Although, under some reaction conditions the formation of trihalomethanes may be
completed in less than an hour, in other circumstances, several days may be required
before the maximum yield of trihalomethanes occurs.

Varying apparent “yields” of trihalomethanes reported throughout the literature
under varying reaction conditions may be influenced by the reaction rate. Thus, a
lower reported “yield” may be the result of the reaction proceeding toward
“completion” at a slower rate. Reaction conditions may also, however, influence the
yield of trihalomethanes obtained at a time when ho further reaction appears to be
occurring.

The precise effect on the kinetics (rate) of trihalomethane formation of various
parameters influencing it or yield at “completion” of the reaction is difficult to
predict because of the complexity of the reactions between aqueous free chlorine and
the mixture of precursors of largely unknown structure. Thus, from a practical
standpoint, when yield of trihalomethanes is discussed, the time allowed for the
reaction and other conditions discussed below must be defined.

70 Treatment Techniques for Controlling Trihalomethanes in Drinking Water
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TABLE 1. STRUCTURAL FORMULAS AND NAMES
OF THE TRIHALOMETHANES

|
Cl Trichloromethane
_ {Chloroform)
CHCI;

Br
c-—-c¢ct - : 7.
o Cae :

Cl.  Bromodichloromethane
CHBrCl,

- C—Cl : 8.

1
Br Dibromochloromethane
CHBr,CI

Br
|

C — Br 9l

i
Br  Tribromomethane

Formula Name Formula Name
Cl N B
| ) ' ) I
C — Ci 6. H — Cc — ci

Br Bromochloro-
iodomethane
CHCIBri

Cl .Chiorodiiodométhane :
CHCII,; o

|
|
H - C - Br
i . . - .
Br Dibromoiodomethane
CHBr.l

'H—C;Brr

{Bromoform) CHBrl,
CHBr,
I ‘ 1
i - .- - E . ST
c —cl : - 10. H —C — |
- : S I
Cl . Dichloroiodomethane I . Triiodomethane
CHCI,i (lodoform)
. CHI,

1 Bromodiiodomethane
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Effect of Temperature

When Ohio River water was chlorinated in the laboratory, increasing the
temperature had a positive effect on trihalomethane formation'® (Figure 2). A
corresponding seasonal variation, noticed at a water utility using the same source,
has been shown to be largely a temperature effect. Thus, trihalomethane control
problems become more acute during hot weather when water temperatures are
higher during treatment and distribution.

Data collected by the Ohio River Valley Water Sanitation Commission
(ORSANCO)" showed that at several water utilities the finished water TTHM
concentrations varied seasonally and were lower’ in the winter when water
temperatures were lower, although data were not controlled for possible variations
in precursors and other treatment condition variables (Figure 3).

250 T 1 T |

200 - / / N
40°C

150 —1— ) ]

CHCI, CONC, pg/L

0 | — ! —
o 20 40 60 ‘80 100 120
REACTION TIME, hr '
Figure 2. Effect of temperature on chloroform formation.'®
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Figure 3. Seasonal variation in finished water TTHM concen-
tration for treated surface waters.1®

Effect of Bromide and Iodide Concentration

Bromide and iodide ions are oxidized by aqueous chlorine to species capable of
participating in organic substitution reactions resultin% inthe formation of pure-and
mixed-halogen trihalomethanes. When Bunn et al.” chlorinated Missouri River
water in the presence of added fluoride, bromide, and iodide, they first confirmed
one of Rook’s suspicions that this could occurinaqueous systems. They observed the
formation of all ten possible chlorine-, bromine- and iodine-containing pure- and
mixed-halogen trihalomethanes shown in Table 1. On a theoretical basis, oxidation
of fluoride by aqueous chlorine to active fluorine species followed by substitution
was not expected and was not observed. o .

Figures 4A and 4B illustrate the effect that adding bromide has on the ratio of
trihalomethanes produced during the reaction of aqueous chlorine with humic acids,
Note that bromine substitution is favored over chlorine, even though chlorine is
present in large excess compared with the initial bromide. .

Section ll. Mechanism of Formation 13
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For example, in the expcrlment where 12 umol bromide/ L were added to the
solutjon containing the humic acid and 282 ,ueqmvalents chlorine/ L, the oxidant
ratio, Clz/ Br; was 23, but the reacted Cl/ Br ratio in the trihalomethanes formed was
only 0.42 (Figure 4A). Thus, bromine competes more effectively than chlorine for
actlve sites on the humic acid precursor molecule, perhaps mechanistically by way of

faster substitution reaction rate. A probable example of this effect occurred in a
coastal city, Brownsville, TX, that had a finished water with the following
concentrations of trihalomethanes: chloroform, 12 ug/L; bromodichloromethane,
37 ug/L; dibromochloromethane, 100 ug/L; and bromoform, 92 ,ug/L ?

Addmonally, the total molar yield of trihalomethanes appears to increase with
increasing bromine substitution. Without any added bromide, 0.8 pmol TTHM/L

was formed, but when 313 pmol of bromide/ L was added to the solution, the TTHM
yield was 1.25 umol/L, Figure 4B. This was also observed when pure agueous
bromide was reacted with the humic acid under the same conditions as aqueous
chlorine. Reactions in these expenments were allowed to proceed over a period of
many days until detectable changes in trihalomethane concentrations ' were small.
Nevertheless, the apparent higher. “yields™ obtained thh brommatlon may be only a
kinetic effect of faster formation of brominated ‘species. This, interpretation is
supported by a giialitative obsérvation that the favored bromine-containing species
formation was more pronounced in the early stages of reaction. Although few
utilities may experience this kind of problem, either cause of high trihalomethane
concentrations will create a larger TTHM problem for utilities that experience the
presence of bromide. For example, increases in TTHM concentrations during the
time of treatment have been reported at a water treatment plant'in Contra Costa,
CA, where sea water intrusion was temporarily responsible for increases in bromide
(Figure 5)

Effect of pH

Numerous workers have shown that increasing the pH of the water being treated
dramatically influences rates of formation of trihalomethanes during water
treatment, Figure 6 presents one example. Given sufficient time, however, the yields
for the two pH systems may be similar. Note that the two lines in Figure 6 are stiil
approaching each other after 70 hours. The increase of trihalomethane formation
rate with pH was expected because the classic haloform reaction is base catalyzed;
however, this explanation is likely to be an oversimplification where rather complex
humic acid structures are involved. Simple methyl ketones, models for the haloform
reaction, have been shown to- react too slowly to account for trihalomethane
formation under most drinking water treatment conditions.

Figure 7 shows the results of attempts to react chlorine at pH 7 with simple acetyl
compounds(acetone, acetaldehyde, and acetophenone) when these compounds were
spiked at 5 umol/L into raw and granular activated carbon (GAC) treated water.
Under these circumstarices, trihalomethanes were not produced at rates significantly
higher than those for the blank samples. Figure 8, however, shows thatat higher pH
values, the simplest methyl ketone, acetone, reacts at a much higher rate, and this
class of compounds.could’ ‘become a significant source of precursor in those pH
ranges. The complex humic structure, therefore, must have more active groups than
the simple methyl ketones for ¢hlorine substitution to account for reactivityat pH 7,
with the possibility of less active acetyl groups becoming more significant at higher
pH, increasing reaction rate and possibly yield.

An alternative explanation for the effect of pH on rate and yield with humic acid
precursor has been suggested by Christman, however (R.F. Christman, Univ. North
Carolina, Chapel Hill, 1977, personal communication). The macromolecule may

simply be “opening up " by mutual repulsion of the negative charges at high pH, thus .

increasing the availability of additional reactive sites on the molecule.

Section lll. Mechanism.of Formation 15

DIM0282174



DIM0282148

200 | l |
180 ~— ® TTHM
O CHCI,
& CHCIBr,
[J CHCI,Br
160 - B CHBr; |
L)
140 —
1 120 4
N
o
Y
g
Fol 100 -
(8]
=
I
| ol 80 -
60
40 1
20 -
s}

SOURCE WATER CHLORIDE CONC, mg/L

Figure 5. Effect of salt water intrusion on THM formation poten-
tial.2° (Adapted from JOURNAL American Water Works
Association, Volume 70, No. 11 [November 1978] by
permission. Copyright 1978, the American Water
Works Association.) o

Effect of Characteristics and Concentration of Precursors

Increasing the concentration of humic acid precursor in the presence of excess
chlorine with otherwise constant reaction conditions caused trihalomethane yields
to increase in direct proportion to the humic acid dose (Figure 9), At similar NPOC
concentrations, humic acids and natural water have been shown to result in similar
trihalomethane yields (Figure 10, page 19). When different source waters.are com-
pared, however (see Section II, Surrogate Measurements) only crude relationships
have been found between organic carbon concentrations and trihalomethane yields.
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Figure 6. Effect of pH on chloroform production, settled water,
25°C (77°F), 10 mg/L chlorine dose. s .
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Figure 7.  Raw and GAC filtered water spiked at 5. pmol/Lwith

low molecular weight acetyl compounds. pH 7.0; 10
mg/L chlorine dose.’® * - o o
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Figure 8. Effect of pH on trihalomethane production from ace-
. tone. 1 mg/L; 25°C (77°F); 10 mg/L chlorine dose.®
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Figure 9. Effect of humic acid concentration on trihalomethane
: production. pH 6.7; 25°C (77°F); 10 mg/L chlorine
dose.®
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' Figure 10. Comparison of humic acid, source water reaction
rates at similar NPOC concentrations. 10 mg/L
chlorine dose.s

Further, rate curves take on distinctly different shapes depending on the source of
precursor substances. The work of Rook?! shows the reaction of fulvic acid solutions
to be characteristic of m-dihydroxyphenyl moieties, €.g., resorcinol, as that reaction

-is nearly complete at near neutral pH in less than 2 hours (Figure 11). Quite a

different characteristic curve is observed with Ohio River water precursor and a
different source of humic acid (Figure 10), however, where the reaction takes place
relatively slowly over a period of many days." 7
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. Figure 11. Reaction of model precursors with aqueous
chlorine.'s : -
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The probable differences in precursors at different locations have been further
demonstrated. As expected on a theoretical basis, treatment of resorcinol and
m-dihydroxybenzoic acid solutions with potassium permanganate at low dosages
was nearly 100 percent effective in preventing the formation of trihalomethanes
upon chlorination of these substances, yet potassium permanganate was only
marginally (10% to 20%) effective in reducing the ability of Ohio River precursors to
form trihalomethanes upon subsequent chlorination. (This work is discussed more
completely on pages 129 to 135.) -

Research by Christman and his team? is attempting to understand the structure of
aquatic humic and fulvic acids and their roles in the trihalomethane reaction. To
date, scores of substructure moieties have been identified through the use of

controlled oxidative and hydrolytic degradation procedures coupled with sophisti--

cated GC/MS identification techniques. Representative models selected from these
have been reacted with aqueous free chlorine to show that trihalomethanes, as wellas
other chlorinated byproducts, may be formed by a number of different pathways and
at vastly different rates. .

The above serves to indicate that although precursor materials from various water
sources may be of largely natural origin, the composition of that material is likely to
be different depending on the type of source water involved and the origin of
precursors in the watershed. Considerably more work is needed, therefore, to
understand precisely the complex mechanisms of trihalomethane formation during
drinking water chlorination.

Effect of Chlorine Dose and Type

Where precursor is kept constant, only a slight influence on trihalomethane for-
mation rate or yield occurs when the free chlorine dose is increased beyond the
demand (Figure 12). Additionally, work by Kajino and Yagi (Figure 13) showed that
once chlorine demand was satisfied, increasing chlorine residual concentrations had
little influence on chloroform yield in the 8-hr reaction time.? Both similar*®**** and
contrary®®?’ results have been reported while conducting tests with different sources
of precursor. Combined chlorine (chloramines) does not cause the formation of
trihalomethanes (Figure 14).
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Figure 12. Effect of chlorinedose on trihalomethane formation.
pH 7.0; 25°C (77°F)."¢
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Figure 13. Chloroform formation compared with chlorine
residual.23 ‘

Because of the possible significance of free chlorine concentration under some
circumstances and the importance of precursor concentration discussed above, the
manner in which the chlorine is added to the water (initial mixing and reactor design)
is likely to impact the rate of formation of trihalomethanes and therefore their
concentrations after treatment.

All of the factors discussed here influence the concentration of trihalomethanes
each consumer in a given utility’s distribution system will receive. As mentioned
above, all must be understood if the success of a proposed treatment change at a
given utility is to be properly evaluated. Section 1V will show how these factors are
applied during any treatment evaluation.
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Figure 14. Chloroform formation by free and combined chlorine
residual.’®
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SECTION IV
MEASUREMENT FOR TREATMENT EVALUATION

Definitions

To understand the measurements that must be made to evaluate treatment
success, four definitions are important.

1. Instantaneous trihalomethane (InstTHM) concentration — The concentration
of trihalomethanes in the water at the moment of sampling. This may be expressed in
terms of the individual species or their sum as total trihalomethanes (TTHM). This is
the parameter measured in the distribution system to provide the data needed to
judge compliance with the Trihalomethane Regulation.’

2. Terminal trihalomethane (TermTHM) concentration®* — The concentration of
trihalomethanes that occurs at the termination of the measurement of this para-
meter. To measure TermTHM concentration, the chlorine-precursor reaction
conditions are selected according to the treatment practiced at the particular water
plant being evaluated. In general, a sample of water is chlorinated under these
conditions, and chloroform and the other trihalomethane species are measured after
a specified time period, as explained below.

TermTHM concentration is equally important as a parameter for evaluating
consumer risk as is the InstTHM concentration. Because this parameter is a measure
of the sum of the amounts of trihalomethanes already present (instantaneous) and
those formed during the reaction time, a third parameter, useful for evaluating unit
process performance for removal of unreacted precursor, must be defined
(Definition 3, below).

3. Trihalomethane formation potential (THMFP) — Calculated as the increasein
trihalomethane concentration that occurs during the storage period in the deter-
mination of the TermTHM concentration. The THMFP is obtained by subtracting
the InstTHM concentration from the TermTHM concentration, either when total
trihalomethanes or when the individual species data are used. THMFP is a measure
of the portion of the total precursor material (see Definition 4 below) that is in the
water at a given point in the treatment train and, therefore, is of most concern to the
water utility operator. This parameter, when computed on unit process influent and
effluent samples, can be used to determine the efficiency of the process being used to
remove the pertinent fraction of precursor material. )

4. Total precursor — The concentration of all trihalomethane precursor materials
present in the water that could react with halogen species under conditions that
maximize the yield of trihalomethanes. A distinction between THMFP and total
precursor is important. No standardized procedure for measuring this parameter
exists, however, and considerable research would be required to establish the
optimum conditions to ensure the complete reaction of all precursors to yield the
theoretical maximum trihalomethane concentrations.

Because the chlorination conditions for the TermTHM concentration
measurement are somewhat less than optimum for trihalomethane formation, the

*TermTHM is not to be confused with the Maximum Total Trihalomethane Potential (MTP) mentioned in the Trihalo-
methane Regulation® and in Section 1, Summary of Regulation. They are different parameters. The goal of MTP is
to define the upper limit of the possible total trihalomethane concentration in certain water utilities treating groundwater.
MTP is not a quantitative index of trihalomethane precursor concentrations as is the TermTHM parameter. Also,
TermTHM should not be confused with other proposed techniques designed to hasten the reaction between chlorine and
precursor by heating and pH elevation or with “Total Potential Haloforms,” measured by a direct aqueous sample injection
technique,®® that are likely to give unrealistic estimates of pertinent precursor concentrations.”
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TermTHM concentration obtained in any test will be somewhat less than the theo-
retical maximum trihalomethane concentration. Thus, the value obtained for
THMFP under these conditions will be smaller than the theoretical “total pre-
cursor” parameter. Although the value obtained, THMFP, is not the “total pre-
cursor” concentration, as noted above, it is an index of the concentration of
materials of most concern relative to trihalomethane formationata particular water
treatment plant and in that distribution system. To compare treatment results from
utility to utility nationwide or within a utility where reaction conditions caused by
differing treatment conditions exist, selection of a single set of standard test
conditions may seem desirable. This potential comparability, however, is less
desirable than the direct evaluation of precursor removal within the utility under
study where that utility is evaluating its own capabilities to meet the trihalomethane
MCL. The TermTHM and THMFP test conditions are intentibnally left flexible
here to encourage the individual utility to select conditions for the test to reflect their
individually most promising treatment options. Although this test approach makes
inter-utility comparisons of treatments very difficult, the approach makes treatment
evaluation measurements better predictors of eventual success at that utility. The
option exists, of course, inany collection of research efforts to conduct the precursor
test under any one or a multiple of several sets of conditions to allow for direct
comparisons of precursor removal results within one or between any number of
utilities conducting similar treatment experiments. Figure 15 graphically presents
the parameters discussed.
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Figure 15. Trihalomethane measurement parameters.

Measurement of Instantaneous THM Concentrations

For an InstTHM concentration measurement, the reaction of chlorine with
precursor materials must be halted at the time of sampling with the goal being to
measure only trihalomethanes present at that time. A small amount of reducing
agent, sodium sulfite or sodium thiosulfate, is added to the sample to react with the
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chlorine and, thus, render the chlorine unavailable for oxidation or substitution
reactions. This technique i is used in the samples required for compliance with the Tri-
halomethane Regulatlon

A small increase in trihalomethane concentrations upon storage after addition of
the reducing agent usually is observed, even when the mixing of the reducing agent
is nearly instantaneous. This is probably caused by a slow hydrolysis of certain

trihalo-intermediates; the hydrolysis step does not require the presence of chlorine. -

The distinction should be made between this minor effect on the InstTHM
concentration and the continued trihalomethane formation reaction when no
reducing agent is added (discussed below). The increase in trihalomethane
concentration during storage after a reducing agent has been added is only a few
percent of the total value.

Measurement of Terminal THM Concentration and Calculation
of THM Formation Potential

These two parameters are discussed together because the measurement of
InstTHM concentration is subtracted from the TermTHM concentration to yield
the THMFP. To determine the TermTHM concentration, chlorine is reacted with
trihalomethane precursors in a given sample in the dark under certain controlled
conditions that affect yield and rate of formation of the trihalomethanes (discussed
in Section III); the concentrations of the trihalomethane species produced are then
measured. The conditions for this measurement are based on the conditions at the
treatment plant under study and must be reproducible from sample to sample.
“Precursor” is a mixture of organic chemicals, and the conditions chosen for their
measurement will influence which fraction of the mixture is measured. Therefore, if
any comparisons between samples are to be made, the measurement conditions must
be the same, or a second variable, measuring a changing fraction of the precursor
mixture, will be introduced into the experiment. Critical factors to be considered are:
time of reaction; maintenance of a free chlorine residual; temperature; and pH. Each
will be discussed as it relates to the evaluation of a given treatment process ata given
water utility.

Effect of Time~

Although a single measurement of trihalomethane concentrations after a storage
period of several days in a bottle under appropriate conditions can give a useful
determination of the TermTHM concentration for that specified time, much more
information can be gained from the reaction curves obtained by plotting trihalo-
metharie concentration vs. time, i.e., the “rate curve.” The rate curves obtained by
periodic measurement of trihalomethane concentrations in properly stored water
can be used to predict the trihalomethane concentrations at any gwen time after
sampling.

Inany system, the generation of the rate curve is recommended, at least initially, so
that the nature of the reaction that occurs at a given location can be determined.
Furthermore, if possible, periodic development of the rate curve is suggested to
determine whether or not changes in precursor type are occurring. Figure 16 shows
two hypothetical curves describing the rate of chloroform formation that might be
expected for finished waters of distinctly different qualities after leaving typical
water treatment plants.

Curves “A” and “B” in Figure 16 represent two extreme situations that might
occur. Although at time “T” the chloroform concentrations are the same for two
waters from the two treatment plants, the short-term chloroform concentration is
greater in “Water A,” and the long-term chloroform concentration is.greater in
“Water B.” A “Water A” type curve would be expected where chloroform formation
‘potential is relatively low, but the precursor present is of the type that reacts quickly
under the given conditions, i.e., the final concentration of chloroform is reached
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Figure 16. Formation of chloroform under widely differenttreat-
ment plant conditions.

early. A “Water B” type curve would be expected where chloroform formation
potential is high, but the reaction with chlorine is slow because of the nature of
precursor or reaction conditions. Thus, these rate curves are more informative thana
single chloroform determination performed at time “T,” and a single measurement
from each plant easily could be misinterpreted to mean that bothsituations were the
same. .

Good approximations of both curves can be obtained by selecting three or four
points beyond time “0” (instantaneous value) such as “1/2T,” “T,” “2T” (as
shown) where “2T” is equal to or slightly longer than the maximum distribution
system residence time. With these added analyses, generating rate curves could be
time consuming, especially if conditions are such that reactions are slow and the
distribution system residence time is long. If developing a rate curve is beyond the
capability of a utility, the time for storage during the determination of the
TermTHM concentration should be the longest residence time in the distribution
system, as this represents the most stringent condition for that utility.

Maintenance of Free Chlorine Residual—

In conventional water treatment practice in the United States, maintaining a free

chlorine residual through the distribution system often is recommended or required.
The continued reaction of precursor with chlorine to yield trihalomethanes depends
on the maintenance of a free chlorine residual. Again, with chloroform as an
example, the raw water curve presented in Figure 17 shows the abrupt cessation of
chloroform production as the free chlorine residual became depleted. If a water
utility maintained a free chlorine residual throughout the distribution system, the 24-
hr and later chloroform concentrations from this test could be misleading. Thus, to
avoid obtaining misleading results when evaluating systems where free chlorination
is practiced, a chlorine residual measurement always must be performed at the time
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Figure 17. Effect of different treatment on chloroform forma-
tion. pH 7.0; 25°C (77°F); 8 mg/L chiorine dose.'s

of the TermTHM analysis to ensure that a free chlorine residual is present. If insuffi-
cient free chlorine is in the water at the time of sampling to last through the test,

chlorine must be added before sample storage.

Work at the USEPA-DWRD laboratory indicates that TermTHM concentra-
tions are not influenced significantly by the amount of free chlorine present (Figure
12) as long as. the concentration is above about 0.5 mg/L. This, which was not
demonstrated with lower free ‘chlorine residuals, may only be because the
trihalomethane concentrations usually are limited by the amounts of precursors
present. Because some uncertainty exists about the effect of chlorine concentrations
on the reaction rate, however,”*"? the starting free chlorine concentration used in
the TermTHM determination should be nearly the same as the chlorine dose added
at the treatment plant and possibly in the distribution system, if that dose is adequate
to supply the required residual for the duration of the test.

Effect of Temperature—

Because temperature has a dramatic effect on rate of formation of trihalo-
methanes (Figures 2 and 3) and therefore on the yield at any given time, a need exists
for close temperature. control during the determination of the TermTHM
concentration. At a waterworks, because temperature carnot be controlled but
varies seasonally, selection of a sample storage temperature will depend on the
experimental objective. For example, if the objective is to estimate consumer
exposure to trihalomethanes throughout a year, a logical choice is the estimated
average distribution system temperature, and this will vary depending on the time of
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the year the sample is collected. When the objective is to evaluate precursor removal
efficiencies of a unit process, the same fraction of the precursor mixture must be
measured during each test; therefore, the temperature must be maintained at a single
value for all of the tests, regardless of the time of the year.

Effect of pH—

Selecting the pH for the controlled reaction during determination of the
TermTHM concentration is less straightforward than that for reaction time and
temperature, The variation of pH through an operating water treatment plant can be
quite wide, and the variation is controlled operationally.

If the determination of only the TermTHM concentration and the THMFP for the
finished water is desired, pH selection is not a problem; the samples should be stored
at the finished water pH. Selecting pH is more difficult if a comparison is needed
between the THMPFP of the finished water with that of the raw water (or with water
at any stage of treatment) to evaluate the success of a unit process in removing
THMFP.

The analyst must be sure that the same fraction of the total precursor concentra-
tion, pH dependent (Figures 6 and 8), is reacting at each point of treatment
evaluation and that the reaction rate of chlorine with the material, also pH
dependent (Figure 8), is the same at each point. Thus, all of the samples from each of
the various sampling points must be chlorinated and buffered at a single selected pH
value before storage. Therefore, because the THMFP test is designed to measure the
portion of the total precursor that is significant in a given water as it leaves a given
treatment plant, the logical single reaction pH value is usually that of the finished
water entering the distribution system, as it was with the choice of temperature.
Recall that, as with temperature, when the objective is to evaluate precursor removal
efficiencies of a unit process, the pH must be maintained at a single value in all tests.
Therefore, the pH naturally occurring at the point in the treatment train where the
sample was taken should be adjusted and buffered to the selected pH.

Summary of Procedures for InstTHM, TermTHM and THMFP

Procedures for measurement of these parameters have been discussed in terms of
general concepts. Considerably more detail is given by Stevens and Symons? and
analytical procedures are similar to those presented in the USEPA method 510.1 for
Maximum Trihalomethane Potential (MTP). In summary, InstTHM is the
measured trihalomethane concentration when the chlorine-precursor reaction was
stopped by the addition of a chemical reducing agent at the time of sampling.
TermTHM is the measured trihalomethane concentration after the reaction between
precursors and free chlorine has been allowed to continue in a sealed container under
specified conditions for a given time period.* THMFP is the arithmetic difference
between TermTHM and InstTHM concentrations and represents the concentration
of precursor that is unreacted, is present in the water at the time of the original
sampling, and is of concern in a given situation. ‘

Generation of the trihalomethane formation rate curve, although not always
necessary, provides useful background information for plant and unit process
evaluations. The rate of formation curve, when generated for finished water samples,
provides a useful estimate of the trihalomethane concentration for any given time
after the water leaves the treatment plant, an important factor. Section V discusses
how these three parameters are specifically used to evaluate some example treatment
plants.

*Note, il any chemicals arc added to the sample at the start of this determination. they must be free of bromide.
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SECTION V
EXAMPLES OF TREATMENT EVALUATION TECHNIQUES

Two hypothetical examples will help to demonstrate the use of the InstTHM and
TermTHM determinations and the calculated THMFP to estimate both consumer
exposure to trihalomethanes resulting from the chlorination process and the efficien-
cies of various unit processes within the plant for removmg precursor compounds
during treatment. The efficiency of unit processes for removing chloroform or other
trihalomethanes themselves can also be estimated.

These hypothetical examples should not be considered to be predictions of the
success or failure of certain unit processes in a treatment train. The examples do
serve to indicate the type of results that might be obtained when a plant is sampled
for the measurement of InstTHM and TermTHM concentrations and THMFP
concentrations calculated, and should help in understandmg how this information is
used for unit processes or whole plant evaluations as detailed in the treatment effec-

. tiveness research presented in Sections VI-VIII. For further information the reader

is directed to Reference 29, where many other examples are given and their

) interpretations discussed more fully.

Simple Chlorination

The first example represents the simplest case, a water treatment plant with chlo-
rination only. Figure 18 depicts the relative values for the parameters that might be
obtained if analyses were conducted for the InstTHM concentration and TermTHM
concentration at the source, “A,” the plant clearwell, “B,” and a theoretical point at
the maximum residence time in the distribution system, “C.” For simplification, the
trihalomethanes are being discussed here as a group. Each bar could represent the
single group index total trihalomethanes or any one of the individual species; or it
could be subdivided horizontally into four bars of d:fferent heights to represent all
commonly found trihalomethanes.

According to this bar graph, trihalomethanes were absent in the untreated source

" water, i.e., InstTHM was not found upon analysis of the source water, but the full
THMFP was present and equal to the TermTHM concentration obtained

experimentally. At the clearwell, some of the precursor measured as THMFP has
reacted to form trihalomethanes (measured as InstTHM in the finished water) and
has left a smaller remaining THMFP. The remaining THMFP, plus the InstTHM
concentration, equals the TermTHM concentration determined originally on the
source water. At point “C,” the entire source water THMFP has reacted to give an
InstTHM concentration identical to the TermTHM concentration.

" No unit process at this plant effectively lowered either TermTHM or InstTHM
concentrations. The practice of chlorination itself converted THMFP to InstTHM,
thereby causing a decline in the THMFP concentration. In assessing the THMFP
removal by any unit process, care must be taken to treat separately the removal of
THMFP by conversion to InstTHM during chlorination and the removal of
THMFP by the unit process-itself. Only at a point closer to the treatment plant than
the maximum length of the distribution system is the consumer exposed to
trihalomethane concentrations (InstTHM) that are lower than the TermTHM
concentration shown at point “C” in Figure 18. These two concepts will be discussed
further in the more complex example presented below.
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Figure 18. Trihalomethanes formed during water treatment by
chlorination only.

Conventional Treatment

Finished Water TermTHM Concentration Reduction—

During conventional treatment with raw water chlorination (Figure 19) some
trihalomethanes are formed during rapid mixing and throughout the following treat-
ment stages in the presence of free chlorine. Thus, the InstTHM concentration
increases as the water passes through rapid mixing, settling, and filtration, ie.,
points “B,” “C,” and “D.” Coagulation and settling do remove THMFP, ie.,
precursor removal, so that parameter, as well as the TermTHM concentration
declines from point “B” to “C.” Filtration removes more precursor material that is
associated with the carryover floc; therefore, the THMFP concentration declines
slightly again from point “C" to “D,” as does the TermTHM concentration. Recall
that some of this TH MFP concentration decline from point “B”to “C” to “D" results
from conversion to InstTHM. (This is discussed more fully in the next subsection.)
The remaining THMFP is converted by the free chlorine to trihalomethanes from
point “D” to “E,” and therefore, the InstTHM concentration determined for a
sample taken at point “E” in distribution system equals the TermTHM concentra-~
tion of the sample collected at point “D.” Therefore, if the consumer farthest from
the treatment plant is to receive water containing less trihalomethanes, the finished
water TermTHM concentration must be lowered.

A concept that is important when attempting to evaluate the performance of unit
processes and treatment schemes using the laboratory test technique relates to the
difference in the behavior of trihalomethane formation in a test bottle as opposed to
behavior in a treatment plant and distribution system. For example, source water
and filtered water may be stored in test bottles and the TermTHM concentration
determined on each sample, according to the method described earlier in Section 1V,
The difference in these two concentrations of TermTHM indicates the removal of

trihalomethane precursors during treatment. Moving the point of chlorination from .
the source water to the filtered water in the treatment plant will not necessarily, -

however, cause the fully equivalent decline in the TermTHM concentration in the
finished water after the change in chlorination practice at the plant although some
lowering of the TermTHM concentration usually will occur because of precursor
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Figure 19. Trihalomethanes formed during conventional treat-
ment with source water chlorination.

removal during treatment. The full source water TermTHM concentration, as
measured in the test bottle, will not be realized in the distribution system, even when

the source water is chlorinated in the treatment plant; compare points “A”and “E”in-

Figure 19. This is because the test bottle is a closed system with intimate mixing of
precursor and free chlorine for the duration of the test, and the treatment plantis not.
That is, some précursor is removed “across” the unit process-in the treatment plant
before it is able to react with the free chlorine, even when source water chlorination is
practiced. Therefore, as noted above, InstTHM and TermTHM measurements
“across” unit processes give accurate information about process effectiveness for
trihalomethane and precursor removal, but in themselves, they do not reflect the
exact degree of trihalomethane control to be expected by movement of the point of
chlorination from one place to another in the treatment plant.

Actually moving the point of chlorination in a treatment plant and measuring the

influence on the TermTHM concentration in the finished water is the best method of -

establishing what effect precursor removal before chlorination will have at that site.
Some approximation may still be obtained, however, by conducting some “bottle”
experxments at the plant and interpreting the data according to the exam’ ple in Figure
20.

In this hypothetical case with chlorination at the rapid' mix durmg routine
operation (Figure 20); “Amount B” of the source water precursor is removed by sedi-
mentation, “Amount C” is converted to InstTHM during flocculation and settling,
and “Amount A” remains as THMFP after settling. Moving the chlorination point
to the settling basin effluent would allow some portion of “Amount C” precursor to
be settled out (“Amount X” in Figure 20) before it is chlorinated, because, after the
point of chlorination is moved, the reaction of chlorine with this precursor would not
be “competing” with settling for “Amount - C.” Further, moving the point of
chlorination is not likely to influence the fraction [B/(A+B)} of unreacted precursor
(A+B) that was removed, because that fraction is already being successfully settled
out without reacting with'the chlorine that was present during routine operation.
Therefore, the TermTHM concentration would decline only by whatever “Amount
X" of “Amount C” would be in a given situation.
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Figure 20. Example of using “bottle’’ data for predicting per-
formance of settling on precursor removal.

The decline in finished water TermTHM concentration cannot be exactly
predicted from the data collected in the bottles because the rate at which
trihalomethanes are being formed, the rate at which precursors are being settled, and
the mix of precursors being influenced by each reaction would not be known.
Clearly, the decline will not equal “Amount B” (Figure 20). Some approximations
can be made from bottle experiments, however, because the “fraction” of precursor
converted to trihalomethanes during passage through the unit process under study
during routine conditions [C/(C + A) in Figure 20] can be evaluated in laboratory
experiments, and the magnitude of this “fraction” influences the potential for
success. . ‘

For example, the lower this “fraction,” the less the chance of success will be for
lowering the finished water TermTHM concentration by chlorination after the pre-
cursor removal unit process. In that case, free chlorine and precursor are reacting
slowly, so the precursor that is settling is not involved significantly in the trihalo-
methane formation reaction, causing the point of chlorination to be of little
importance. Of course, the opposite isalso true. Insituations where a high “fraction”
of precursor is converted to InstTHM during passage through a unit process when
free chlorine is present, the chance of success for improving precursor removal by
delaying chlorination until later in the treatment train is higher, as more precursor
material could be precipitated if the rapid conversion to InstTHM were prevented
from “competing” with the settling process.

Another factor that must be considered in judging the potential for success of any
plan to lower finished water TermTHM concentrations (by enhancing precursor
removal through moving the point of chlorination) is the degree of precursor
removal in the unit process under study. If in the example shown in Figure 20,
“Amount B” were a small percentage of the unit process influent, “Amount A+ B+
C.,” then the chance for success in lowering the finished water TermTHM by moving
the chlorine point downstream would be small, no.matter what the magnitude of the
CJ(C+A) fraction. . o ' -

The same concepts may be applied even when some InstTHM is present in the
influent to the unit process under study. In this case, "‘Arp,ount C” would be the
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increase in InstTHM concentration “across” the unit process under study. The
remainder of the analysis would be carried out as outlined above.

As mentioned previously, the concentration of THMFP can be lowered in two
ways: either TermTHM concentrations can be lowered because of precursor removal
or precursor can be converted to InstTHM. Hypothetically, in Figure 2! for
example, when the chlorination point was moved from the source water to the
settling basin effluent, more THMFP was present in the clearwell after the move
than before, even though the TermTHM concentration declined a little. This results
from the decline in InstTHM concentration that occurs because of the shorter tri-
halomethane formation reaction time before the clearwell—a shorter time caused by
the change in chlorination practice. Further, under routine operation (source water
chlorination), a large decline in THMFP concentration occurred from the settling
basin effluent to the clearwell because of the increase in InstTHM concentration,
even though the TermTHM concentration only declined slightly. Care must be
taken, therefore, when interpreting THMFP concentration data.

B InstTHM

] THwee 2 2
D")' TermTHM :g: E E
"8 Y] |2 Al 7
s |3 2 / E
E )R |
’ 7
o 7
J /%
: . SETTLING]—->| FILTER.
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- Modified . ’ T CHLORINE

: Figure 21’ Declme of InstTHM ‘and TermTHM concentratlons
w:th change of point of chiorination.-

Finished Water InstTHM' Concentration Reductlon—

The previous subsection ‘detailed methods of antlmpatmg finished water
TermTHM concentration declines during treatment alternatives because this will
reduce InstTHM concentratlons at the extremities of the distribution system. Some
success may, however accrue from a treatment modification even if the finished
yvater TermTHM concentratlon does not decline much.

In the example in Flgure 21, the finished water TermTHM concentration did not
decline much after the point of chlorination was moved, but, because of the delay in
chlorination, the finished’ water InstTHM concentration was reduced by “Amount
E” (Figure 21). Theréfore, although-the total trihalomethane concentration at the
end of the dls;rlb'utlpnnsys”t‘en'l‘wgs not lowered significantly, many consumers nearer
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the treatment plant might receive substantially lower total trihalomethane concen-
trations in their drinking water because of the change in treatment practice. This
benefit should not be overlooked. ‘

The development of a trihalomethane formation rate curve will help quantify
these benefits. Recall that, according to the Trihalomethane Regulation,® as much as
75 percent of the compliance samples are to be collected from the central part of the
distribution system where this benefit would occur. o

Other Considerations

During such evaluations, the TermTHM concentration of the source water should
be monitored as a control to ensure that any change in finished water TermTHM
concentration is not caused by a change in the characteristics of the source water.
Table 2 shows how the trihalomethane precursor concentrations changed during a
12-month period in the Ohio River at Cincinnati. The change in the bromine-
containing trihalomethane species concentrations indicated a change in the bromide
content of the river, as well as the change in total trihalomethane concentrations.
Note, although the samples were not buffered, the changes in pH over the study
period were not great and therefore did not influence the data excessively.

TABLE 2. INFLUENCE OF SEASON ON TRIHALOMETHANE
FORMATION POTENTIAL* IN THE OHIO RIVER, 1977-1978

Geometric mean (G,)

Numbor Trihalomethanes, ug/L TEH'"M'
Month of samples CHCI, CHBrCI, CHBr.,ClI CHBr; ug/L
July 2 153 41 6.5 NFf 200
August 4 120 43 8.3 <0.1 171
September 4 108 44 9.3 0.1 161
October 5 120 33 5.5 <0.1 168
November 3 106 30 7.3 <0.1 143
December 3 144 29 5.6 NF 179
January 2 103 23 8.0 0.2 134
February 3 89 27 8.8 0.1 125
March q 147 17 1.6 NF 166
April 5 115 21 2.3 NF 138
May 4 109 32 5.2 NF 147
June 4 92 35 5.0 0.1 132
July q 109 47 13 1.1 171
Max. 163 47 13 1.1 200
Min. 89 17 1.6 NF 125
Spread 64 30 11.4 1.1 75
*3 days storage; 25°C (77°F); samples not buffered, pH range 5.9 to 7.0.
$None found.

Further, the possibility exists that precursor concentration may change in the dis-
tribution system because debris on the pipe walls might act as precursor. If this is
occurring, the TermTHM concentration measured in the finished water would be
lower than the InstTHM concentration measured at the corresponding point in the
distribution system. In the five places where this has been investigated, however,

good agreement was obtained between these two parameters (References 30 and 31

and the unpublished 1976 National Organics Monitoring Survey).
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Finally, investigators planning to conduct the type of studies outlined above must

_be aware of the need to repeat sampling frequently enough to overcome the inherent
" problems of variability in the trihalomethane analytic results. To be able to assess

accurately changes in treatment performance, multiple samples may be needed to
provide a data base large enough to make the observed concentrations statistically

‘significant. Variability also occurs from trial to trial, necessitating several repeats of

the experiment to ensure confidence in the findings.
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SECTION VI
TREATMENT TECHNIQUES TO REMOVE TRIHALOMETHANES
(InstTHM)

Background

The proposed'° and the promulgated Trihalomethane Regulation3 contain a

Maximum Contaminant Level (MCL) for the total trihalomethane concentration;
the decision as to what treatment strategy is best to meet the MCL in a given location
is left up to the individual utility, with approval of the Primacy Agency.

Because the general reaction of free chlorine with precursors to form trihalometh-
anes is:

PRECURSORS

FREE OTHER

+ (HUMIC SUBSTANCES) — TRIHALOMETHANES +

CHLORINE AND BROMIDE BYPRODUCTS

three treatment approaches are possible. These are:

1) treatment to remove trihalomethanes (InstTHM) after formation
2) treatment to remove trihalomethane precursors (THMFP), and
3) the use of disinfectants other than free chlorine.

Each of these techniques has been discussed in the literature;** ¢ in Sections V1, V11,
and VI1II, the research information for each of these approaches will be updated with:

e controlled experiments, both by USEPA’s Drinking Water Research Division
and by others reporting in the open literature; '

e case histories, where available; and

e the advantages and disadvantages.

Note, although the Trihalomethane Regulation® establishes an MCL for total
trihalomethanes, for many of the treatment techniques studied, the four common
trihalomethane species behave differently. Therefore, where the data are available,
the performance of the unit processes for the removal of the individual species during
the experiment, as well as the removal of the arithmetic sum of their concentrations,
total trihalomethanes (TTHM) will be reported.

Oxidation

General Considerations—

The possibility ‘of removing trihalomethanes by oxidation, using either ozone or
chiorine dioxide as the oxidant, was investigated by USEPA-DWRD in-house. An

attempt was made to stimulate the oxidation of trihalomethanes during ozonation
by adding ultra-violet light energy.

Experimental Results—

Ozone—For these studies, a 3.7-cm (1.5-in) diameter glass counterflow ozone
contactor was fabricated. Ozone (O3) was generated by a Welsbach Model T-408®
generator using “aviator’s breathing” grade oxygen. The ozone-oxygen gas mixture
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was dispersed through a fritted glass sparger in the bottom of the contactor. Applied
ozone concentrations were determined by an iodometric method.”’ In an effort to
maximize contact between the ozone-oxygen mixture and the water, a small, high-
speed, propeller mixer was positioned just below the water surface within the
column. The propeller caused almost complete dispersion of the rising bubbles. Even
at an applied ozone dose of 25 mg/L (5- to 6-minute contact time) attempts to
remove trihalomethanes from Cincinnati tap water were unsuccessful (Table 3).

TABLE 3. OXIDATION OF TRIHALOMETHANES. CINCINNATI TAP
WATER OZONATION. (Gas to water ratio 0.5 to 1 [V/V]
5- to 6-minute contact time.)

: Applied O;* Trihalomethanes (ug/L) TTHM
Sample dose {mg/L) CHCI; CHBrCl, CHBr,Cl CHBr, {ug/L)
Tap water 0 10 9 6 1 26
Mixer only 0 11 10 7 1 29
Oxygen only 0 12 10 7 1 30
Air only 0 12 8 4 0.8 25
Ozone only 25 11 10 7 0.9 29
Mixer + O, ‘0 11 9 6 0.5 27
Mixer + air 0 12 8 6 1 27
Mixer + O, 25 11 9 6 0.9 27
*Applied doss, inuous fiow studies, mg/L =

mg O, % standard liter gas (0, + O;) % minute

standard liter of gas (O, + O,) minute fitars of water

Chlorine Dioxide—This study examined chlorine dioxide (ClO;) prepared by
reacting technical grade (80 percent pure) sodium chlorite (NaClO,) with sulfuric
acid, air-stripping the chlorine dioxide from solution, and trapping the gas in
nitrogen-purged distilled water. Analyses for chlorine and chlorine dioxide were
made using a DPD procedure.38 At dosages up to 10 mg/L and storage for 2 days,
chlorine dioxide, like ozone, was ineffective in removing the trihalomethanes already
present in the water (Table 4).

TABLE 4. OXIDATION OF TRIHALOMETHANES, CINCINNATI
TAP WATER, CHLORINE DIOXIDE TREATMENT?®
(Temperature = 25°C [77°F); pH = 7.4-7.5)

CiO.dose  Contact time Trihalomethanes (ug/L) TTHM
{mg/L) {hours). CHCI; CHBrCIl, CHBr,Cl CHBr; {ug/L}
0 0 26 15 10 1.1 52
7 24 . 26 18 14 NF* 58
7 49 24 16 11 NF 51
0 . 0 40 22 13 NF 75
10 42 39 22 17 NF 78

*None found.

Ozone/ Ultra-Violet Radiation—Glaze et al. studied the use of ozone in combina-
tion with ultra-violet radiation (Os3;/UV) as a treatment process for removing
micropollutants from drinking water.*® Table 5 summarizes the results obtained for
the disappearance of chloroform and bromodichloromethane using a laboratory-
scale, sparged, stirred-tank, semi-batch, photochemical reactor.

Section VI. Treatment Technigues to Remove Trihalomethanes 27
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TABLE 5. HALF LIVES* FOR CHLOROFORM AND BROMODI-
CHLOROMETHANE*® (Ozone dose rates = 0.775 mg/L mlnT,
UV intensity = 0.20 Watts/Lt)

Compound Matrix Purging Ozonolysis Photolysis Ozone/UV
CHCI, PWi 462 NMD** 139 3.25
LLws - 729 22,400 753 86.6
CHBrCY, PW . 495 -NMD 61.9. 6.3
LLw 2660 NMD 116 53.3
*Minutss.
tMidrange of the experi d values. - L . 1;,
{Speclaily prapared l.boratory wa(er low in gani rb i n,ndpzone d ; d(pH 6.5‘to 7.0,

**No musasurable decline.
§Natural water from local lake (pH 8.1). s

B

ER—. C e eyt

The first order reaction rates are expressed in terms of half-life, that is, the time
required under the reaction conditions given for any concentration of contaminant
to be lowered to one-half of its initial value. Ozone alone had little or no influence on
the two trihalomethanes tested; further, ultraviolet radiation alone (photolysis) de-
stroyed chloroform and bromodichloromethane very slowly, half lives of 61.9 to 753
minutes. In companson the combination treatment was much more effective, lower-
mg the concentrations of these two trihalomethanesto one-half of their initial values
in 3.25 to 6.3 minutes for the specially prepared water in the laboratory and 53.3 to
86.6 minutes in the lake water. .

Discussion— )

Of these three oxidation techniques, the combination of ozone and ultra-v:olet
radiation was the only one that showed any promise for the removal -of
trihalomethanes that have already been formed. This approach is considered to be
still in the research stage, however, and is not ready in a practical treatment
application.

Aeration

General Considerations—

Among the several factors influencing the effectweness of removmg organic
compounds from water by aeration are contact time, ratio of air to water,
temperature, vapor pressure, and solubility of the contaminant(s). Although
contactor design will be seen later to be very critical to unit process efficiency and
cost, the last two variables can be useful for estimating the feasibility of aeration. For
example, Henry’s law states that when dissolved, the part1a1 pressure of a compound
over a solution varies directly with its concentration in the liquid phase. The
concentration of the contaminant in the gas phase, therefore, is proportional to its
concentration in the liquid phase. Henrys law constant, sometimes called the
partition coefficient, can be calculated from experimental data by dividing the
concentration of the contaminant in the air by its concentration in water at
equilibrium. This constant can be estimated from the special case conditions where
the concentration of the contaminant is at saturation in both the liquid and vapor
phase, causing the partial pressure of the contaminant to be equal to the vapor
pressure of the pure material.*"***> Thus, Henry’s law constant, H, becomes:

Habl [Eq. 1]
where: P, = vapor pressure of the pure liquid and . .
S = solubility of the contaminant in water.

1}
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Thus, lower compound solubrhty and hlgher vapor pressure (volatility) result in a
hlgher Henry s law constant. By conversion of partial pressure units to concentration
in the gas phase, a dimensionless Henry’s law constant:

_ Ca . . *
. e s e
where: C, = concentration of the compound in air in ug/L and

Cw = concentration of the compound in water in ug/L
can be calculated.

" The followmg analysis will show how aeration theory can be applied. to the
analysis of operating aeration systems; the experimental data in the next subsectron
will be analyzed by these techniques.

Theoretically, a counterflow aeration tower is the most efficient system with
regard to air use to achieve a given treatment goal. Therefore, the performance of a
theoretically perfect “ideal” tower will be discussed to form a basns for comparison of

“actual experimental treatment resulis: given later.

In theory, when a counterflow aeration tower is operated ideally, the
concentration in the water of the contaminantto be removed is in equilibrium with
the concentration of the contaminant in the air at any point in the system. Further,
according to Equation 2, the concentration in the water is equal to the concentration

" in the air divided by the Henry’s law constant, at any point in the aerator. Because the

concentration of'the contaminant in the air coming into the bottom of the system is
zero, in a “perfect” tower the concentration of the contaminant in the water must also
be zero, to satisfy the definition of an ideal column being' at equilibrium at every
point. Thus, the perfect system would remove all of the contaminant in question.

The operation of a counterflow aeration column or tower can be portrayed
graphlcally by plottmg the concentrations of the contaminant in the air and water at
any series of pomts through the depth of the column.

WATER IN N /‘ER ouT

X, Y,
_ COLUMN
WATER QUT AIR IN

X,. /, : LS Y:

_Figure 22. Schemat:c of ldeal counterflow aeration system.
x, = initial concentration of the contaminant in the
water
= finai concentration of the contamlnant m the
water
y» = final concentration of the contaminant in the air
yz |n|t|al concentration of the contaminant in the air

1

Calculatmg a mass balance based on Flgure 22, Ioss of contammant in water equals

- gain of contammant in the air, yields:

- - T i— x) W= (y, — y2) Ay . {Eq. 3]
where: W,’= water volume
A, = air volume.

In the perfect column that is at equilibrium throughout from Equation 2 at any
point:

Section VI. Treatment Technigues to Remove Trihalométhanes ' 39
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Co_n1o
o=%=H (Eq. 4]

Therefore at the top of the column y, = (H)(x1).

Substituting this in Equation 3 yields:

(x1 — x2) Wy = [(H) (x1) — y2] Ay [Eq. 51

Because both x» and y2 are zero in the ideal system, Equation 5 becomes

x) W, = (H) (x1) A [Eq. 6]
Cancelling yields:
Yo Horgy=1H [Eq. 7]

This means that in the perfect system, the minimum air to water ratio that will
achieve complete removal for the contaminant in question is the reciprocal of its
Henry’s law constant. . ) oo

Henry's law constants have recently been estimated for low concentrations to
be 0.152 for chloroform, 0.095 for bromodichloromethane, 0.035 for dibromo-
chloromethane, and 0.024 for bromoform (Werner, USEPA, Cincinnati, OH,
personal communication, 1980). Experience has shown that compounds with
Henry's law constants greater than 0.05 could be removed relatively easily by
acration.”® Therefore, the possibility of trihalomethane treatment by aeration was
considered. This concept was supported by a 1975 study*? that showed chloroform
lost to the atmosphere when water was held in open vessels and by a 1976 report** of
chloroform being dissipated from a flowing stream that had accidentally been
contaminated by a chloroform spill.

As noted previously, in an ideal counterflow tower, the minimum air to water ratio
that will produce complete removal of a given contaminant is the reciprocal of the
Henry’s law constant for that contaminant. More air would be wasteful (it would not
be at equilibrium with the liquid phase), and less air would not achieve complete
removal.

The Henry's law constants noted above for the four trihalomethanes were usedto

construct an equilibrium diagram (Figure 23). These data show the equilibrium
concentration in air for a given concentration in water for the four trihalomethanes.
The slope of these curves (H), proportional to the ease with which the contaminant
can be removed by aeration in a countercurrent system, indicates that bromoform
would be the most difficult of the four trihalomethanes to remove by aeration.

Graphically from the curves (Figure 23) or by calculation from H (as above), the .

theoretical minimum air to water ratios required to achieve complete removal in a
perfect tower are 6.7:1, 10.2:1, 28:1, and 41:1- for chloroform, bromodi-
chloromethane, dibromochloromethane, and bromoform, respectively.

In graphical form, the actual performance of an aeration tower is called the
operating line. For the trihalomethanes, the equilibrium lines shownin Figure 23 are
theoretical operating lines for perfect towers operating at the theoretical minimum
air-to-water ratios for accomplishing complete removals of the respective
compounds. The degree of removal achieved by lower air-to-water ratios can be
determined as shown in Figure 24. ‘

Here, as above, for chloroform with a Henry’s law constant of 0.15, an air-to-
water ratio of 6.7 to 1 is needed to achieve complete removal of the contaminant in a
perfect tower. Starting from an arbitrary influent conceritration in the water of 100
ug/ L, lower air-to-water ratios produce the theoretical operating lines as shown,
remembering that equilibrium is always achieved at the top of an ideal column
(concentration in water is 100 ug/L and on the equilibrium line). Operating lines are

40 Treatment Techniques for Controlling Trihalomethanes in Drinking Water
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THM CONC IN AIR, pg/L

CHCI; CONC IN AIR, ug/L

35 ] T T T T T T T T
30—
25 -
20 b
15
10—~
5T 24
Bromoform H = 0.0
fw,
A4 ] ! |
-0 e T T T 1 1 1 T 1
0 20 40 .. 60 80 100 120 - 140 160 180 200
THM CONCIN WATER, ug/L i
» Figure 23. Equilibrium lines for four trihalomethanes.
T T T T T T T T
15—— » -
4 i,
1
A,4
w,
10 —— 17 H
A, 2
w, | ;/v,
T A,8.7 ! AS ]
_— 6. .
o $
\3\\.(" :) =1
§ —— . o A iH
= 3
o 3
’ ] { ] : I ] ) | |
0 ; ! T 7 T T 1 ] T :
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CHCI, CONC IN WATER, ug/L
Figure 24.° Examples of the performance of an ideal counter-
. flow tower at air to water ratios less than the theo-
retical minimum for complete removal.
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then drawn with the slopes 1/5, 1/4,1/2,1/ 1,5, correspondingto air-to-water ratios
of 5:1, 4:1, 2:1, 1:1, and 0.2:1, respectively. Extending the lines to the x intercept
(concentration of chloroform in air would be zero at the bottom of a counterflow
column) gives the concentration of chloroform remaining in the water for each of
these air-to-water ratios in an ideal column for this compound.” From the
corresponding effluent concentrations, a plot of, percent chloroform remaining
versus air-to-water ratio will produce a curve for ideal tower operation against which
any field aeration data can be measured. Designs that approach the theoretical
performance should be desirable. This type of comparison was also suggested by
Singley et al.** ' o

Figure 25 is a plot of the theoretical optimum performance curves for each of the
four trihalomethanes at various air-to-water ratios developed by use of the technique
shown in Figure 24. The relative difficulties of removing each of the trihalomethanes ..
compared with that of chloroform (the easiest) can be clearly seen by comparing the
theoretical minimum air-to-water ratios required to achieve a given percent removal '
of each compound, as shown in this figure. ' P

100
® 0F E
) L 3
2 7 el ]
= © ©
= -+ 2 2 ]
E 2 2 1
[ T Kl L b
= £l 5 & 5
= 3| B el |3 ‘
= 1.0 - s £ S € -
T =f 2 2 2 1
" 5 (5] [+e] o m :
TE S SN | L v 3l } 1|
0.1 1Ty S S e e A R IS T

0.1 10 10 . .. 100
AIR/WATER RATIO (V/V) '

Figure 25, Performance of ideal counterflow tower for re,moval‘of
four trihalomethanes. H

Very importantly, however, no actual aeration system is perfect, so less ;hah 100
percent removal always occurs, even with air-to-water ratios much higher than the
theoretical minimum. This occurs because numerous design factors influence the

rate of mass transfer from the liquid phase (water) to the gas phase (air). Dép‘arture '

from the equilibrium condition provides the driving force that causes the'
contaminant to move across the air-water interface. This driving force is greater

when conditions are not near equilibrium and becomes small as-equilibrium is
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approached. Thus, aeration system design becomes exceedingly important in

facilitating mass transfer if the low theoretical minimum' air-to-water ratios. to_

achieve good removal are to be approached in actual practice. Some important
design parameters to be considered are liquid or gas flow rates, selection of packings
(tower) to optimize surface area, and transfer unit height (contact time). i

Although in application temperature cannot be controlled, it must be taken into
account. in' both désign and perhaps even selection of aeration as a unit process.
Temperature influénces not only mass transfer rates, but the magnitude of Henry’s
law constant (H) and, therefore, the equilibrium conditions as well. Clearly, freezing
and the entrapment of airborne contaminants (dirt) can also be a problem, especially
in towers. : ‘ . L '

Principles for design of efficient aeration systems have been developed in the
chemical engineering field. For ‘example, these principles have recently been
synthesized into a design approach for countercurfent aeration towers in drinking
considerations ahd procedures are considered beyond the scope of this Résearch
Report, however, and will not be treated in depth here.

A review of the limited available data showing actual removals of trihalomethanes
by aeration follows. These laboratory, pilot, and field performance results will then
be compared with the results of the theoretical optimum treatment developed above.
Batch reactor experiments will be. presented first, followed by continuous-flow
experiments. . : :

Experimental Results -

Quiescent Standing—To investigate the volatility of trihalomethanes under
quiescent conditions, an open vessel containing Cincinnati tap water, left standing at
room temperature (about 25°C [77°F]), was sampled periodically for Inst THM. A
nearly complete loss of trihalomethanes occurred after 3 days, even though some
trihalomethanes were being produced during the experiment by the free chlorine
residual (Table 6). S ' o

TABLE 6. NET* LOSS OF TRIHALOMETHANES FROM AN OPEN
: "VESSEL, CINCINNATI TAP WATER+ ,

Time of . R Percent
standing . Trihalomethanes (ug/L) TTHM : TTHM
(hours) CHCI; CHBrCl,” CHBr,CI CHBr, {ng/L) removal
o 16 4 4 2 26 : —
6 - 13 4 : 2 NFt 19 27
24 . 7 3 : 1 NF 11 58
48 - 3 1 <1 NF 4+ : 83

72 1 <1 NF NF 1™ .94

*Some trihal h produced during
tRoom temperature about 25°C {77°F).
{None found.

Diffused-Air Aeration—Using Louisville, Kentucky, tap water, Weil studied
diffused-air aeration in'a 500 mL batch reactor.’ By using various air flow rates and
exposure times, he created various air-to-water ratios. Removals of TTHM varied
from 25 to 80 percent depending, on the air-to-water ratio (Table 7). »

The Contra Costa County Water District has also 'i'nveétigavtevd diffused-air
aeration for the removal of trihalomethanes in.batch reactors.?® In the first test,
treated water samples were aerated in a 4-liter stainless steel beaker using a porous

the experiment by the free chlorine residual.

stone diffuser (Kordon Mist A-501®) with an air flow of 0.5 L/ min. For the second .

test, a 6-cm (2.5-in) diameter glass column 0.9 m (3 ft) long was used for the aeration

studTes;' Because of“:hve',' high ,coxicentjratipn of bromoform (which has a lower
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TABLE 7. DIFFUSED-AIR AERATION STUDIES,* LOUISVILLE, KY,

TAP WATER%?

Aeration Percent

Air to water time Trihalomethanes (ug/L) TTHM TTHM

ratio (V/V) {minutes) CHCI, CHBrCl, CHBr,Cl CHBr, (ug/L) removal
Control (] . 17.3 123 5.8 NF{ 35.4 0
1.25:1 2.5 11.9 9.5 5.1 NF - 26.5 25
2.6:1 5 11.2 8.8 4.9 NF 24.9 30
6:1 10 7.9 6.7 4.2 NF 18.8 47
Contro! 0 1.9 11.7 7.6 0.7 319 0
2.,6:1 2.5 7.5 8.2 6.4 0.6 22.7 29
6:1 5 5.8 5.9 5.1 0.4 17.2 ~ 46
10:1 10 2.8 3.2 3.9 0.5 10.4 67
Control 0 246 19.7 82 NF 526 @ 0O
3.76:1 2.6 14.1 12.8 6.4 NF  33.3 37
7.5:1 5 7.9 8.3 5.1 NF 21.3 . 59
16:1 10 3.4 35 3.5 NF 10.4 80
Control (o] 10.5 9.5 8.8 11 - 29.9 0
6:1 2.5 6.2 5.0 6.1 1.0 183 39
10:1 5 5.1 3.0 46 07 134 " 65
20:1 10 3.6 1.2 2.0 0.5 76 75

*Batch reactor.
tNone found.

estimated Henry's law constant compared with that of chloroform) in this water,
removal of the trihalomethanes would be expected to be difficult when compared
with that of Louisville’s tap water in which chloroform is the dominant
trihalomethane.?” The data in Table 8, when compared with that in Table 7 (both
being batch reactors), show this to be the case. As one example, at a 15 to 1 air-to-
water ratio, 86 percent of the chloroform was removed from Louisville’stap water,
whereas at the same air-to-water ratio, only 38 percent of the bromoform was lost
from Contra Costa’s drinking water. The two systems were not exactly comparable,
however, as shown by the removal of dibromochloromethane—57 percent in the
Louisville study and 40 percent at Contra Costa, both at a 15 to 1 air-to-water ratio.

For the DWRD in-house study, a countercurrent aeration column was fabricated
from a 3.7-cm (1.5-in) diameter glass tube, 0.9 m (3 ft) long, with a fritted glass
diffuser. At an air-to-water (volume-to-volume) ratio common to water treatment
aerator designs for controlling taste and odor problems (1 to 1), the chloroform
concentration in Cincinnati tap water was not significantly changed from that of the
control, although a decline in the concentration of bromodichloromethane did occur
(Table 9). Increasing the air-to-water ratio to 8 to 1 yielded a 52 percent TTHM
concentration decline, and a further increase to 20 to 1 showed an'84 percent
decrease. For comparison purposes, a conventional activated sludge wastewater
treatment plant is designed with about an 8 to 1 air-to-water ratio, and the gas-
to-water ratio in the purging step in the trihalomethane analysis?® is approximately 44

to 1 when operated as a batch system. Although the ratio of chloroform to total’

trihalomethane concentrations are not exactly the same in Cincinnati and Louisville
tap water, 0.77 versus 0.42 (average of four experiments), the percent removals of
total trihalomethanes were similar at similar air-to-water ratios, Table 7% and Table
9, even though the data in Table 7 were from a batch reactor.

44 Treatment Techniques for Controlling Trihalomethanes in Drinking Water
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TABLE 8 DIFFUSED AIR AERATION STUDIES * SEPTEMBER 1977,
- CONTRA COSTA COUNTY WATER DISTRICT""’ ’

22:1

8 hr

Approximate Height of - - Percent
_air-to-water - water column . Aeration X Trihalomethanes (ug/L) TTHM TTHM
ratio (V/V) . (cm) (in) time - CHCI;, CHBrCIl, CHBr,Cl CHBr, (ug/L) ' removal
S ' OPEN CONTAINER TEST '
Control sample  — - — <1 3 24 239 266 —
S an 14 5.5 10 min 2. 12 49 199 262 15 -
4 14 . 5.4 © 30 min 2 11 43 160 216 19
. 81 13 53" 60 min 1 10 38 130 179 32
- 19.1 13 5.2 120 min 1 ‘ 9 30 75 115 57 -
COLUMN TEST
Controf sample — - — 2 - 4 28 196 230 —
12:1 45 18 1hr 3 2 18 140 - 163 29
" 15:1 38 15 2 hr 2 1 15 - 122 140 39
- 6:1 90 36 ~1hr 2 3 24 171 200 13
6:1 80 32 2 hr 2 3 22 159 186 19
Control sample — — - 3 4 33 229 - 269 —
91 90 36 4hr . 3 2 19 139 163 39
Control sample  — . = — - 5 18 84 189 296 -
90 3 7 44 133 187 37

“*Batch system.
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TABLE 9. REDUCTION OF TRIHALOMETHANE CONCENTRATIONS
IN WATER BY DIFFUSED-AIR AERATION,* CINCINNATI

TAP WATER
Chlorine . - Percent
Airt-to-water residual : Trihalomethanes (ug/L) TTHM TTHM
ratio (V/V) {mg/L) CHCI, CHBrC!l, CHBr,CI CHBr, . (ug/L)  removal
Control 1.3 99 24 5 NFf 128 -
1:1 1.2 101 5 5 NF 111 ‘13
8:1 1.2 45 13 3 NF 61 52
12:1 1.2 33 7 <1 NF 40+ 69
16:1 1.2 19 8 3 NF =~ 30 77
20:1 1.1 3

16 5 NF 21 -84

*Countorcurrent flow.
tActivated carbon filtered compressed air.
$None found,

Tower Aeration—Rook studied the removal of chloroform in a 4-m (12.4-ft) high
cascading countercurrent aerator filled with crosswise arranged racks of plastic
tubing.*® His data showed a 50 percent removal of chloroform ata calculated air-to-
water ratio of 3.2 to 1.

Houel et al. studied the removal of chloroform spiked into water by air stripping in
a countercurrent tower having a cross section of 60 by 45 cm (23 by 18in)and a total
packmg depth of 4 m( I4ft) “® The air supply was metered and capable of dehvermg‘a
maximum of about 35 m*/min (1,250 cfm). Water loading rates up to 27 m 3/ day (5
gpm) were used. Two packing materials were used: Type A, eggcrate style; and Type
B, a proprietary product, Munters Plasdek®, Code CF-IDA, inclined wavy PVC
sheets. The results in Table 10 show that at these very high-calculated alr-to-water
ratios, chloroform was very effectlvely removed.

TABLE 10. TOWER AERATION FOR THE REMOVAL 0l.=
CHLOROFORM FROM CHLOROFORM-SPIKED WATER4*3*

Run number
Variable " 1 2 3 4 5 ° 6
Packing typet A A A . B B ‘B

Calculated air-
to-water ratio . : ‘
{(V/V) 6100:1 7700:1 9400:1 1800:1 2500:1 2600:1

Initial CHCI,
concentration . o
(ng/L) 843 = 843 843 536 638 536

Final CHCI,
concentration . .. e .
{ng/L) <0.1. - <0.2 : <0.1 13.2 1.6  <0.2 -

Percent CHCI; : : ‘ -
removal >99.98 >99.97  >99.98 975 ° 99.8 >99.96

*Countercurrant flow.
1See text for description.
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McCarty reported on a study at Water Factory 21 in Orange County, California,
in which tower aeration was included as part of the treatment scheme.** In this study,
both large cross-flow stripping towers and smaller countercurrent decarbonators
were studied. The two stripping towers were each 63 m (210 ft) long by 19 m (62 ft)
wide and contained 7.6 m (25 ft) of polypropylene splash-bar packing. Slx fans were
included per tower, each 5.5 m (18 ft) in diameter They prov1ded 990 m?*/sec (2 X
10%.cfm) of air, or about 3,000 m>air/m’ of water (calculated air-to-water ratlo) at
design capacity. The two stripping towers were designed to treat 0.66 m 1sec (15
mgd) of flow.

The two decarbonators were designed to treat 0.22 m’/sec (5 mgd) of flow. Each
was 2 m square (6.5 ft) and contained 2.4 m (8 ft) of polyethylene packmg The total
volume of media in the decarbonators was only 19 m® (670 ft*) compared with
18,000 m> (634,000 ft?) in the stn?pmg towers. Each decarbonator had a blower
designed to provide 22 m® air/m’ water applied (calculated air-to-water. ratio).
Although the concentrations of the trihalomethanes were quite low, making the
calculation of a percent removal somewhat suspect, the data (Table 11) show good
removals.

Wood et al. studied the removal of trxhalomethanes both spiked into and
naturally occurring in Miami, Florida, tap water, in a 2.7-m (9-ft) high
countercurrent tower 0.3 m (1 ft) square.*® The packing media was 1.3-cm (0.5 in)
dlameter PVC pipe on 8-cm (3 in) centers. The flow through the tower was 160

. m /day (30 gpm) and was distributed over the cross-section of the tower by nine

showerheads. To study increasing air-to-water ratios, the water was recycled to
provide multiple passes. An induced draft was provided by a 4. 2-m*/ min (150-cfm)

"fan, resultmg in'a calculated 38 to 1 air-to-water ratio when the fan was on. Studies

were made both with and, without the fan operatmg The data in Table 12 show that
in this particular instance, the fan dld not aid in the stripping of chloroform, a fmdmg

) s1m11ar to that shown in Table 1.4

. Studies sponsored by the American. Water Works Association Research

('Foundatlon employed a 15-cm (6-in) diameter countercurrent column packed with

various depths of 0.6-cm (1/4-in) interlocked ceramic saddles, Intalox®.5 Various
water flows and forced-draft air flows were used to study different air-to-water
ratios. The data in Table 13 show the improvement of aeration with increased depth
at a constant calculated air-to-water ratio, as well as the positive influence of
increasing the air-to-water ratio at a constant depth.

The difference -between the initial chloroform concentration and TTHM
concentration indicates the presence of bromine-containing trihalomethanes in this
water. The average ratio of chloroform concentration to total trihalomethane
concentration was 0.76 for the five tests. Under these circumstances, the percent
removal for TTHM should be lower than for chloroform because of the difficulties in
stripping the bromine-containing trihalomethanes. This was not shown in three of
these five tests, although the concentration of the bromine-containing
trihalomethanes might not have been high enough to significantly influence the data.

Two other studies demonstrated the positive influence of air-to-water ratio and
tower height on removal of trihalomethanes. In another test during the Miami,
Florida, study, Wood et al. investigated the effect of i mcreasmg air-to-water ratio on
the removal of the four trihalomethane species, Plked into Miami tap water by
passing the water through the tower several times.* Although the air-to-water ratio
was not known, it increased incrementally with each water pass. The same tower was
used as described previously. The data in Table 14 confirmed two previously noted
conclusions: one, that the increase of air-to-water ratio with each pass had a
positive influence on the stripping of trihalomethanes; and two, that bromoform, as
expected, is more difficult to remove by aeration than is chloroform. The air-to-water
ratio needed to obtain-61 percent bromoform removal was twice that needed to
obtain 61 percent chloroform removal.
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TABLE 11. REMOVAL OF TRIHALOMETHANES BY AIR STRIPPING AT WATER FACTORY 2143

Cross flow stripping towers. Counterflow decarbonator,
Induced draft Natural draft Induced draft
Concen-  Percent Concen- Percent Concen- Percent
A* trationf removal A*  trationf removal A* trationf removal
Contaminant W (pg/L) (95% Cl}) w (ug/L) (95% Cl) W  (ug/L) (95% CI)
CHCI, 3000:1 1.1 83(70-91) UNK§ 4.1 79(64-87) 22:1 10 79 (70-85)
CHBCl, 3000:1 — — UNK — - 22:1 4.1 85(76-91)
CHBr,Cl 3000:1 — — UNK 0.8 82(76-87) 22:1 1.7 71(49-84)
*Air-to-water ratio (V/V}.
Infl to stripping p given as the g ic mean
$Confidence interval,
§Unknown,

TABLE 12. REMOVAL OF TRIHALOMETHANES IN MIAMI, FLORIDA, TAP WATER#%*

Run 1 (Natural draft) - Run 2 (Induced draft)
Initial Final ’ Final
concentration concentration .Percent Air-to-water concentration Percent Air-to-water
Compound {ug/L) {ng/L) removal ratiof {ug/L) removal ratiof
CHCI, 106 48 55 UNKi 52 51 38:1
CHBrCI, 113 : 73 35 UNK . 67 41 38:1
CHBr,Cl 62 45 27 UNK . 40 . 36 38:1
CHBr, 8.4 75 11 UNK 6.5 T 23 38:1

TTHM 289 173 40 UNK 165 43 ~ 38:1

*Countercurrent flow; tower aeration, 2.4 m (8 ft) high.
1Volume to volume. ’
j{Unknown.
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TABLE 13. REMOVAL OF TRIHALOMETHANES AT
NORTH MIAMI BEACH, FLORIDAS0*

Run number

Variable 1 2 3 4 5
Packed bed depth
meters ' 1 21 25 21 . 21
feet 33 7 8.3 7 7
Calculated air-to-water ratio . : v
(V/V) ‘ 10:1 10:1 10:1 32:1 40:1
CHCI, ‘ : -
Initial concentration (ug/L) 29 26 23 27 27
Final concentration (ug/L) . 15 9.4 7.1 6.2 5.9
Percent removal 48 64 69 77 78
TTHM ' '
Initial concentration (ug/L) 40 35 29 35 33
Final concentration (ug/L) 22 12 ' 9.3 7.0 5.9
Percent removal 45 66 68 80 82

*Countercurrent flow, forced draft; tower aeration; water temperature = 27°C (81°F).

TABLE 14. REMOVAL OF TRIHALOMETHANES SPIKED INTO
' MIAMI FLORIDA TAP WATER#*

Relative ) .
) air-to-water Percent removal
Pass . ratio CHCI; ' CHBrCl, CHBr,Cl CHBr3 TTHM}
1 xi : .61 69 55 39 47
2 2x 91 86 75 .61 74
3 3x 97 95 - 90 86 89
4 4x o 99 98 95 90 93
5 5x - . 99+ - 99 97 ‘93 ‘95
’Countercurrant flow; tower aeration, natural draft (air-to- water ratio cannot be calculated).
dbyb form that was spiked at a ation about seven times that of the other
tnhalomathanas
tUnknown.

In another test, one of the coolmg towers for the USEPA Environmental Research
Center’s air conditioning system in Cincinnati was used to examine the effects of
countercurrent-induced draft-packed tower aeration on trihalomethane removal.
Cincinnati tap water was passed through one side of the tower and samples were
collected at the midpoint and the bottom, appréximately2 mand 4 m(6 ftand 12 ft),
respectively, both with-and without the fan in operation. This tower was designed for
over 12,000 m 3 day (2, 200 gpm) of recirculated flow, but the flow for this study was
limited to about 3,000'm */day (550 gpm) for the single-pass study. The low flow
through a part of the unit prevented an estimate of an air-to-water ratlo, but the
improvement in trihalomethane removal with increasing tower depth is shown in

Table 15.
Disciission - .

The data presented above can now be compared among studies and against the
theoretical optimum system described in the General Considerations subsection.

. Section VI. Treatment Techniques to Remove Trihalomethanes 49
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TABLE 15. TRIHALOMETHANE REMOVAL IN A COOLING TOWER,*
CINCINNATI TAP WATERY

Percent
Trihalomethanes (ug/L) TTHM TTHM
CHCIl,; CHBrCl, CHBr,Cl CHBr; (ug/L) removal
Influent
Run 1 44 21 7 1 76 —
Run 2 48 24 10 1 84 —
Midpoint—2 m (6 ft)
Induced draft
Run 1 4q 1 1 1 7 91
Run 2 3 1 1 NFt 5 94
Natural draft
Run 1 10 5 4 1 20 74
Run 2 8 4 3 1 16 81
Bottom—4 m (12 ft)
Induced draft )
Run 1 3 1 1 NF 5 g3
Run 2 3 1 1 NF 5 94
Natural draft
Run 1 6 2 2 1 11 86
Run 2 7 3 2 1 13 85

*Unknown air-to-water ratio.
tCountarcurrent flow.
$None found.

Figure 25 is based partly on the assumption that the initial concentration of a
contaminant does not influence the percent remaining for a given air-to-water ratio.
To verify this concept, the data from the multi-pass experiment reported in Table
14* were reanalyzed. The data in Figure 26 show that for chloroform, in this
experiment, the same percentage of the chloroform concentration present in the
waterat the start of each pass was remaining at the end of that pass, for all four passes
through the column. Therefore, the percent remaining after each pass was
independent of the starting concentration (lower at the beginning of each pass) and
thus, a single “perfect counterflow column” curve can be used for the analysis in
Figure 25. Similar data were also obtained for the other trihalomethanes measured
in this experiment.

Having verified the “universality” of Figure 25, all data were plotted on the same
graph, Figure 27, to compare the performance of all the systems with data on
chloroform removal where air-to-water ratios were available with the operation ofa
perfect counterflow system. Figure 27 can be used to compare system efficiencies.
The farther a given datum point is to the right of the perfect counterflow column line,
the less effectjvely air is being used for a given percent chloroform remaining.

In inefficient cases, mass transfer (water to air) must be improved to accomplish
more effective use of air. As described earlier, this can be done by changing design
parameters such as liquid or gas flow rates, selecting packings (for towers), and
increasing contactor height. Any of these changes may affect the cost of the system or
its operation, and therefore, cost benefits realized by using less air must be weighed
against cost increases brought by improvement in system mass transfer efficiency.

From Figure 27, in general, the best removals of chloroform were by
countercurrent towers (greater than 90 percent) although air use was relatively
inefficient; more efficient use of air was.observed in batch diffused air experiments,
but actual chioroform removals were poorer (approximately 50 percent). For. this

50 Treatment Techniques for Controlling Trihalomethanes in Drinking Water
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“CHCI; GONC, pg/L- -.

; - | S \
o 1 .2 .3 4 5

NUMBER OF PASSES THROUGH TOWER

'Figure 26. ~Miami, Florida, tower aeration study.“»

apphcatlon dlffused air systems generally requlre hlgher airito-water ratios (because
of poorer mass transfer effrcrency) than do countercurrent towers'to accompllsh the
same treatment goal When required, scaleup of the diffused air systems to achieve
percent removals greater than 90 percent by inCreasing air-to-water ratios may prove
to be difficult: Conversely, tower de51gn improvements may result in more efficient
use’of air for the hlgher percent removal examples shown in'Figure 27. Studies may
show. that diffused " air systems are appropriate when required removals of

trihalomethanes are minimal whereas towers may be generally preferred for utilities

requmng larger percentage removals.
In summary, aefation-is a feasible approach to trihalomethane removal, with the
difficulty of removal “increasing with molecular weight from chloroform to

.+ Section VI, Treatment Techniques to Remove Trihalomethanes 51
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bromoform. A utility considering aeration for trihalomethane control should
consider the feasibility on the basis of known sound aerator design principles.
Because of variations among utilities, such as degree of treatment required, mixture
of trihalomethanes present, temperature, and other water quality considerations,
this should be followed by pilot study verification at that location.

Adsorption

Powdered Activated Carbon (PAC)—

General Considerations—To determine what degree of removal of dissolved
organic material can be effected by adsorption, an isotherm test is usually run. The
adsorption isotherm is the relationship between the amount of substance adsorbed
and its concentration in the surrounding solution at equilibrium. The adsorption
isotherm consists of a curve plotted with residual concentration of the solute in
solution on the*“x"axis and the amount adsorbed per unit weight of adsorbent on the

“y” axis. Thus, any point on the line gives the adsorption capacity or loading at a
partlcular concentration in solution. With activated carbon adsorption from dilute
solutions, such as trihalomethanes in drinking water, a logarithmic plotting
according to the empirical Freundlich equation,

;o : x/M = kC' [Eq. 8]
where: ~x = amount of substance adsorbed, calculated from original and equilibrium
' concentrations, C, and Cy,
M = weight of activated carbon, and

-k and n are constants; k is the intercept at C; = [ (log Cr = 0) and 1/n s the slope of
- the line v

'usuaily ;yieldsla straight line over the concentration ranges for trihalomethanes

usually*found in drinking water.

Data. pomts requlred to construct the adsorption isotherm are usually obtained by
applying varying doses of PAC to teplicate samples.of a solution of the solute in
question (a trihalomethane) in water. These samples are held in suitable containers
to prevent losses. After equilibrium is achieved, no further change in solute
concentration occurs. The activated carbon is then separated from the liquid sample,
and residual dissolved solute concentrations are measured. The calculated values of
X/M are plotted against respective Cr values on log/log coordinates. ‘

Using closed containers and under controlled conditions with 2 hours of contact,
Dobbs and Cohen determined the adsorption isotherms for the trihalomethanes in
distilled water using ground Filtrasorb® 300.51* Adsorption isotherms can be used to
calculate the required PAC dose needed to reduce a contaminant concentration from
some given influent ‘concentration to some target effluent concentration. Using
Figure 28 as an example, to reduce the chloroform concentration from 150 ug/L to
75 ug/ L, the required PAC dose is calculated as follows. The equilibrium *loading”
(X/ M) on the adsorbent at the final chloroform concentration of 75 ug/ L (arrow) is
about 0.38 ug chloroform adsorbed per mg of PAC (Figure 28). Because (150
ug/L — 75 ug/L) = 75 ug chloroform/L that must be adsorbed, 75/0.38 = 197
mg PAC/L is required. As this is a very high PAC dose, it indicates the generally
poor adsorbability of chloroform by activated carbon.

Figure 29, in which the adsorption isotherms for alf four common trihalomethanes
are shown together, indicates the increased adsorbability of the bromine-containing
trihalomethanes. Using the same example as above for bromoform, 15 mg powdered

*Manufactured by Calgon Corporation, Pittsburgh, PA 15230. Hereafter Calgon Corporation productsare enherdcmgnaled
Filtrasorb® 200 or F-200. Filtrasorb® 300 or F-300. or Filtrasorb® 400 or F-400.

Section VI. Treatment Techniques to Remove Trihalomethanes 53
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Filtrasorb® 300/ L would be required to lower a concentration of 150 ug/L to 75
ug/L, or only 7.6 percent of the PAC dose required for the same amount of
chloroform removal.

The above discussion assumes that equilibrium is reached during the normal water
treatment process where PAC is applied. Even though the rate of adsorption
(approach to equilibrium) is typically rapid when PAC is used, normally measured in
minutes to hours, equilibrium may not always be reached at utilities using a short
contact time. This kinetic effect would reduce the effectiveness of this treatment
technique.

Additionally, other solutes present in the water being treated may compete for
“active sites” on the adsorbent, and disinfectant residuals may influence adsorbent
qualities. Adsorption capacities for different activated carbons will also vary. These
effects complicate extrapolations from published isotherm data to actual water
treatment practice, as will be seen below.

Experimental Results—In one study, where the trihalomethanes occurred
naturally, Weil exposed Louisville, KY, tap water containing little free chlorine
residual, 0.12 mg/ L, to various doses of PAC in'I-liter mixed, open containers, and
determined the residual trihalomethane concentrations after various exposure
times.*’ His data (Table 16) confirm that at least 50 mg/ L PAC was needed to bring
about 50 percent removal of total trihalomethanes. As expected, the percent removal
of bromodichloromethane and dibromochloromethane was higher than the percent
chloroform removal for each PAC dose and exposure time. This, again, shows the
increased adsorbability of the bromine-containing trihalomethanes. The adsorption
isotherm of the 60-minute exposure data for chloroform compares fairly well with the
results of Dobbs and Cohen,”' the slope being similar, but the line displaced upward
(Figure 30). Note that the use of open containers may have contributed to the loss of
the solute attributed to adsorption.

In another jar test study. Hoehnet al. chlorinated simulated lake water containing
3 mg humic acids/ L.** To avoid the complicating factor of the presence of a chlorine
residual, in - one experiment they dechlorinated the water before adding the PAC
(lower curve, Figure 31). These data, when transferred to an adsorption isotherm
format, produced a typical adsorption isotherm, although displaced from the data of
Dobbs and Cohens! (Figure 32). Two factors that may have influenced these dataare
the type of PAC used in the Hoehn et al.*? study and the presence of floc.

In another experiment, these investigators allowed the chlorine residual, 10 mg/L,
to remain when the PAC was added to the test vessels.”? The increase in chloroform
concentration for the same PAC dose (upper curve, Figure 31) is likely to be caused
by the influence of the chlorine residual present during this type of test. Theresidual
chloroform concentration increased because chloroform was being formed by the
reaction of precursor and free chlorine during the 30-minute exposure in the jars, as
evidenced by the increase in chloroform concentration at the zero PAC dose. At
other PAC doses, however, the increase in chloroform concentration could be
influenced by: 1) the alteration of the surface of the activated carbon by the free
chlorine so it was less able to adsorb chloroform (McGuire et al.*®); 2) the PAC itself
because it was acting as a chloroform precursor or introducing associated precursor;
3) a combination of both factors; or 4) the reason noted above, even though the PAC
would tend to lower the chlorine residual. Nevertheless, the resulting adsorption
isotherm does not deviate from the adsorption isotherm using data collected in the
absence of a chiorine residual (Figure 32, page 58), which indicates that the reaction
of free chlorine and precursor in the water 1s probably the most important factor
in this case.

Many water treatment plants are de51gned to add PAC to water containing both
coagulant and chlorine residual for taste and odor control. Therefore, studies of this

- type are typical of some situations encountered in the field. For example, before July

1975, the Cincinnati Water Works added chlorine and alum to Ohio River water

. Section VI.. Treatment Technigues to Remove Trihalomethanes - 65
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TABLE 16. TRIHALOMETHANE CONCENTRATIONS IN POWDERED ACTIVATED CARBON

{PAC) EXPERIMENTS,*” LOUISVILLE, KY, TAP WATER*

Exposure Trihalomethanest Percent
PAC dose time CHCI, Percent CHBrCl, Percent CHBr,C! Percent TTHM TTHM
{mg/L) {minutes) (zg/L) removal {ug/L) removal (ug/L} removal {ug/L) removal
0 0 35.2 - 12.3 — 0.7 - 48.2 —
{Control) 5 30.3 — 10.3 —_ 1.1 — 41.7 —_
. 15 31.8 - 10.2 — 0.7 - 42,7 -
30 30.2 — 10.5 - 0.7 — 41.4 —_
60 29.4 — 8.7 — 0.5 - 38.6 —
25 0 35.2 (] 12.3 0 0.7 0 48.2 0
5 26.3 13 7.2 30 0.3 73 33.8 19
15 24.1 24 5.9 42 0.3 57 30.3 29
30 23.2 23 5.3 50 0.2 71 28.7 31
60 19.2 35 3.9 55 0.1 80 23.2 40
50 0 35.2 0 12.3 0 0.7 0 48.2 ]
5 25.0 17 4.9 52 0.2 82 30.1 28
15 18.1 43 3.1 70 0.1 86 21.3 50
30 17.7 41 2.7 74 0.1 86 20.5 50
60 15.5 47 2.1 76 0.1 80 17.7 54
100 - 0 35.2 0 12.3 0 0.7 0 48.2 0
5 17.4 43 2.8 73 0.1 91 20.3 51
15 13.2 58 1.4 86 0.0 100 14.6 66
30 10.1 67 1.0 90 0.0 100 11.1 73
60 9.7 67 0.8 91 0.0 100 10.5 73

*Free chlorine residual = 0.12 mg/L.
{No bromoform found.
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Figure 30. Comparison of chloroform adsorption isotherms
from Weil*? and Dobbs and Cohen.51

50 L e I B

45 . ‘ B

40 4 o o -

35 _
Samples '

30 — Not : : : —

Dechlorinated

]
N
=]
3
(%)
Z 25 ¥ -
o .
(8]
™ s
S 20 - —
I
(8]
15 — —
10 .
Samples
5 —~I-Dechlorinated —
: After 30-Min =)
0 | { i | ] [ i ] ! | [
T 1 ] T T 1 T ] T T T

o 10: 20 30 40 s50 60 70 80 90 100. 110 120
PAC DOSE, mg/L

Figure 31. Treatment of simulated lake water with PAC.pH 7.9;
27°C (81°F); 3 mg/L humic acid
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Figure 32. Comparison of the adsorption isotherms for chloro-
form from Hoehn et al.52 and Dobbs and Cohen.51

before 2 days’ storage in off-stream reservoirs. For taste and odor control, PAC was
often added at the rapid mix in the presence of free chlorine residual and coagulant.
Although this practice is common, it should be avoided where possible and in new
designs. In an in-house study of this water, PAC was added to the water samples,
mixed at 100 rpm for 2 minutes and 50 rpm for 5 minutes, settled for 30 minutes,
centrifuged at 1,500 rpm (480 gravities) for 20 minutes, decanted, and analyzed for
trihalomethanes. The data in Table 17 show that doses of PAC far higher than
conventionally used for taste and odor control were required to obtain significant

TABLE 17. REDUCING TRIHALOMETHANE CONCENTRATIONS IN
CHLORINATED OHIO RIVER WATER USING
POWDERED ACTIVATED CARBON (PAC)*

Percent
Trihalomethanes (ug/L) TTHM TTHM
PACtdose (mg/L) CHCI, CHBrCl, CHBr,Ci CHBr; {ug’/L) reduction
(o] 64 9 .2 NFt 75 —
1 52 7 1 NF E 60 20
2 53 7 1 NF 61 19
4 51 7 <1 NF 58+ 23
8 51 8 1 NF 60 20
16 48 8 <1 NF 56+ 25
32 45 6 1 NF 52 31
64 35 4 <1 NF 39+ 48
100 30 2

<1 NF 32+ 58

eAlum and chlorine added and water stored off-stream in open reservoirs for 2 days.
{Watarcarb®, manufactured by Husky Industries, Dunnellon, FL 32630. R
{None found.
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removals. The data in Figure 33 show the relationship between the reaction of free
chlotine and PAC and the adsorption of chloroform by PAC. Converting these
chloroform data to an adsorption isotherm format produced a very atypical pattern
(Figure 34) which suggests that the presence of the free chlorine residual had a
significant influence on the adsorption phenomenon ‘in this case. :
Singley et al.* in North Miami Bedch, Florida, and Carns and Stinson®® at the
East Bay Municipal Utility District in California attempted to evaluate the use of
PAC for the adsorption of trihalomethanes. None of the trials were unusually
successful, and all had at least the complicating problem of the presence of chlorine
residual. Because some polyelectrolytes used in water: treatment can act as
trihalomethane precursors (Feige et al.’®), investigators conducting jar tests or full
plant experiments where these materials are present should control for their possible
influence. : '

Chloroform’ ‘Resiidual )

CHCI, CONC, pg/L
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- None Found
. 60 75 . : 120
" PAC DOSE, mg/L o
- Figure 33. Effects of powdered activated carbon on the removal
; of chloroform from chlorinated Ohio River water.
Conditions: ) o o
a. Ohio River water + chlorine, alum
b. pH 6.6-6.8 '
¢. 2.2'mg/L initial free chlorine residual
d. PAC added E
2 min rapid mix ’ :
5 min slow mix
30 min settling
centrifuge at 480 gravities

Disz‘-i«ssion—'l_'hé’ summary curve (Figure 35) domparing the four studies reported
above shows that the three studies conducted in the absence or near absence of a
chlorine residual produced typical adsorption isotherms, although separated.from
each other. This is contrasted with'th,eabn‘qrmal,adsorpti_'on-is,othe,rm-resulting'from
the study suspected to be influenced by the presence of a free chlorine residual. None
of the experiments*”**'"** or the in-house study showed that PAC was particularly
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effective for the removal of chloroform. The bromine-containing trihalomethanes
were much more adsorbable, however, and if they dominate the trihalomethane
mixture in a given location, treatment with PAC- might be considered as an effective
treatment.

Granular Activated Carbon (GAC)—

General Considerations—GAC adsorption systems used in drinking water
treatment typically use stationary beds with the liquid flowing downward through
the adsorbent. Under these conditions adsorbed material acciimulates at the top of
the bed until the amount adsorbed at that point reaches a maximum. The maximum
amount of a contaminant that can be adsorbed on activated carbon occurs when the
adsorbed material is in equilibrium with the concentration of the contaminant in
solution surrounding the adsorbent. For any given concentration of material in the
liquid phase, the “loading on™ or “capacity of” the activated carbon at equilibrium
can be determined from the appropriate adsorption isotherm, as discussed above.
When the adsorbed material is in equilibrium with the influent concentration, the
adsorbent is “loaded” to capacity and that portion of the bed is “exhausted.” In an
ideal “plug flow” operation, the exhausted zone moves downward with time in
service until the entire adsorbent bed is exhausted. This is shown graphically in
Figure 36 where the shaded area represents-the exhausted activated carbon and the
clear area is the remaining fresh activated carbon in the lower portions of the bed.
Figure 36 also represents the corresponding breakthrough profile of the
contaminant in solution with time. The effluent concentration (Coyr) remains near
zero until the exhausted zone of the GAC reaches the bottom of the column and then
abruptly increases to the influent conceritration whien the entire column is exhausted.
Thus, the effluent concentration is equal to the influent concentration when the
column is exhausted or at equilibrium, and ideally, therefore, the time to exhaustion
of an adsorber can be predicted from isotherm test information.

For a given situdtion, the time to reach exhaustion can be estimated by knowing
the influent contaminant concentration, the approach velocity (to calculate mass
loading), the adsorber bed depth, the density of the adsorbent, and the equilibrium
loading from an adsorption isotherim. This estimation assumes a constant influent
concentration of contaminant and neglects the influence of competitive adsorption,
For exa Ple, assume an influent chloroform concentration of 100 ug/L,a 5 m/hr
(2 gpm/ft%) proach velocity, a 0.9-m (3-ft) bed depth, and an adsorbent density of
490 kg/m’ (30 1b/ft"). According to Figure 28, at exhaustion (C; = Cy), the loading
on or capac:ty of the adsorbent would be 0.49 mg/g org/kg.

For a 0.09 m* (1 ft?) cross-section of this bed 2 gal/min X 1,440 mm/day X 3.78
L/gal = 10,886 L/day pass through. Multiplying by the chloroform concentratlon.
10,886 L/day X 100 ug/L, yields 1.09 g/day of chloroform applied to the 0. ()9 m’
(1 ft3) cross-section. This cross-section, 0.9 m (3 ft) deep, contains 0.08 m® (3 ft*) of
media. Converting this to weight yields 41 kg (90 1b) of adsorbent. Therefore, the
days required to “load” this adsorbent to equnhbrlum is:

Days of operation = Total weight of adsorbent X [Eq. 9]
. equilibrium loading/daily load

Days of operation = (4l kg) (0.49 g/kg)/1.09 g/day
o .18.4 days .

Thus, an estimated 18.4 days would be required to exhaust this bed. The data in
Table 18 are examples of these calculations for a GAC adsorber with a lO—mmute
empty bed contact tlme (EBCT)* and an approach velocxty of Sm/ hr (2 gpm/ftd).

*Empty bed contact time (EBCT)vequalsA "empiy hea volume” divided b& the “flow rate™ through the bed.
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TABLE 18. THEORETICAL TIME IN ‘SERVICE UNTIL EXHAUSTION:
FOR TRIHALOMETHANE ADSORPTION o

" Influent " Loadingat  'Timeto A
concentration equilibrium* exhaustiont}
Constituent ‘(ug/L) " (mg/q) "7 (days)
cHcl, 75 03 . 15
CHBICl, 50 1.3 S 87
CHBr,Cl 25 1.4 .. _189
CHBr, , 10 ) 1.8 .. 606

*From Figure 29.9 o : . o . .

$10 minute EBCT, approach velocity = 5 m/hr (2 gpm/ft2), GAC density = 490 kg/m? (30 Ib/ft3).

$Exhaustion for total trihalomaethanas will not occur until the spacies with the best adsorption characteristic
resches exhaustion. R e L s .
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Because, in this example, chloroform is present in the highest concentration and is
the trihalomethane most poorly adsorbed, the “service time to exhaustion” is the
shortest for that compound.

This same approach can be used to estimate the influence of the three factors that
control the time in service to exhaustion for a GAC adsorber. Based on the
adsorption isotherm data (Figure 29), the data in Table 19 show that, to a varying
degree, EBCT, influent concentration, and trihalomethane species all have an
influence on the calculated time in service to exhaustion.

TABLE 19. INFLUENCE OF INFLUENT CONCENTRATION,
EMPTY BED CONTACT TIME, AND SPECIES OF
TRIHALOMETHANE ON SERVICE TIME TO EXHAUSTION* OF
GRANULAR ACTIVATED CARBONY

Constituent/

EBCT ' Influent concentration at exhaustion (ug/L)

{minutes) ) 51: . : 25 100
Chloroform ' ‘ '

3 ‘10 days§ - - 7 days - - -5 days -
10 34 days 24 days 16 days
40 . 136 days 96 days 66 days

Bromoform

3 ' 242 days 117 days 61 days
10 808 days 390 days 202 days
40 - 3232 days 1560 days 808 days-

*Based on Figure 29.5}

tApproach velocity = 5 m/hr {2 gpm/ftz) GAC density = 490 kg/m?3 (30 Ib/13),
tFigure 29 extrapolated to this

§Service time to exhaustion.

When the other two variables are constant, the.time in service to exhaustion is
directly proportional to EBCT. For-chloroform, a twenty-fold increase in influent
concentration resulted in a 50 percent decline in the service time to exhaustion,
whereas the same increase in the bromoform influent concentration caused a 75
percent decline in the service time to exhaustion. Finally, the time in service to
exhaustion for bromoform was 24, 16, and 12 times longer than that for chloroform
at the influent concentrations of 5 ug/L, 25 ug/L, and 100 ug/L, respectively.

Although this approach may be useful to determine the service life of an ideal
adsorber, these estimates may be of only marginal use in practice. Various
parameters affecting the rate of mass transfer within the adsorber (kinetic aspects. of
adsorption) severely limit its application, and make necessary the use of pilot column
studies for accurate predlctxon of performance .

Schematlcally 1]lustrated in Figure 37is a diagram showing the concentration of
adsorbed species’on the surface of the adsorbent (X/ M) with bed depth. Under
operational condmons adsorbed materjal accumulates at the top of the bed until the
amount adsorbed is in equnlxbnum with the influent contaminant concentration, At
this time the adsorbent is loaded to capacity and that portion of the bed is exhausted
Below that zone is a second zone where dynamic adsorption is taking place, i.e., the
contaminant is béing transferred from the liquid solute t6 the adsorbed phase. Thls
zone is called the “mass transfer zone,”’ and its depth (deviation from ideal plug
flow) is controlled by many factors, depending on the contaminant being adsorbed,
characteristics of the adsorbent, hydraulic factors, and others. The depth of the mass
transfer.zone is a. measure of physical/chemical resistance to mass transfer, Once
formed, the mass transfer zone moves down through the adsorbent bed until it
reaches the bottom, whereupon the effluent concentration of the contaminant in the
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Figure 37. Mass transfer zone in a GAC adsorber.

aqueous phase begins to rise (Figure 38). Figure 38A shows the concentration
gradient of adsorbed material (X/ M) inan adsorber as the mass transfer zone moves
down the column with time. As the mass transfer zone reaches the bottom of the
column, “breakthrough™ of the contaminant occurs as noted by a detectable increase
in effluent concentration (Figure 38B). When the adsorber is operated to exhaustion
(at equilibrium; Cin = Cour), the breakthrough profile (plot of effluent
concentration with time) takes on a classical “S™” shape — a shape controlled by the
shape and length of the mass transfer zone,

Thus, any estimate from isotherm data of a dynamlc adsorber service time to
exhaustion is at least subject to error caused by the differences in mass loading
calculations based on ideal plug flow (Figure 36) and typical column performance
(Figure 38) as represented by Areas A and B in the effluent concentration profile
(Figure 38B). Clearly, undesirable concentrations of contaminant may appear long
before exhaustion occurs in practice.

When an adsorber is removing a// of a contaminant, the mass transfer zone in
Figure 37 may also be called the “critical depth™ because this is the minimum design
depth for an adsorber that will allow it to remove all of a contaminant. Although the
mass transfer zone is constant for a given situation (based on the contaminant, its
concentration, the adsorbent uséd, and the flow rate), the critical depth changes
depending on the allowable effluent target. This change is because the critical depth
is defined as the minimum design depth for an adsorber that will allow it to achieve
some target effluent concentration. The higher the target effluent concentration, the
smaller the critical bed depth.

Figure 39 is a schematic illustration of the concentration profile of a contaminant
in solution within an adsorber in the region of the mass transfer zone showing the
relationship between the size of the critical depth and three different target effluent
concentrations. In Figure 39A, the effluent target concentration is not reached
because the physical bed depth is less than the critical depth. Figure 39B shows that
the effluent target is reached because the bed is deeper than the critical depth, and
39C shows a decrease in critical depth for a less stringent effluent target
concentration. Finally, if the adsorber can be allowed to operate to exhaustion, then
the critical depth becomes zero as the target effluent concentration would equal the
influent concentration.
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From the above discussion, an additional factor complicating predictions of
adsorber service life can be deduced, namely, the effect of changing the influent
concentration of the contaminant. For example, if after a period of time in service
the influent concentration of the contaminant suddenly decreases, previously
adsorbed material must desorb to establish a new equilibrium condition. This
desorption creates a higher-than-predicted “wave” of contaminant concentration to
move down the column. In the extreme, the effluent concentration of a given
contaminant may be higher than the influent concentration for a period of time.
“Chromatographic” effects caused by displacement of the adsorbed contaminant by
other materials with stronger adsorption characteristics also cause desorption to
occur with similar effluent/influent characteristics being observed.

Experimental Results—For the studies done in-house by USEPA’ Drinking
Water Research Division, glass columns, 3.7 cm (1.5 in) in diameter, filled with
different depths and types of GAC (Table 20), were exposed to Cincinnati tap water
at various approach velocities and empty bed contact times to determine the ability
of GAC to remove chloroform and two other trihalomethanes. At an approach
velocity of 5 m/hr (2 gpm/ft?), the decrease in trihalomethane concentrations
through 76 cm (30 in) of a coal base and through a lignite base GAC are shown in
Figures 40 and 41, respectively. These systems each had an EBCT of 9 minutes.

TABLE 20. GRANULAR ACTIVATED CARBON CHARACTERISTICS

Coal base Coal base Lignite base*
" Filtrasorb®200  Filtrasorb® 400 HD 10x30

Surface area by nitrogengas

BET method : ’
m3/g 850-900 1050-1200 600
Density ) : : )
kg/m?3 i 490 410 385
ib/ft2 30 25 23.5

*Hydrodarco® 1030 manufactured by IC] America, Inc., Atlas Chemicals Division, Wilmington, DE 19899,
heroafter calied HD 10x30. ‘

These columns were started at .different times, but the trihalomethane
breakthrough patterns are similar. The chloroform concentration was lowered 90
percent or more for about 3 weeks, then the effluent chloroform concentration
steadily increased until it equalled the influent concentration at about the ninth or
tenth week. The trihalomethanes containing bromine were more effectively
adsorbed by the GAC. Positive reductions were observed for 26 to 30 weeks for
bromodichloromethane and for about 40 weeks for dibromochloromethane (Figure
42, page 69) because of both a lower concentration in the water and because the
bromine-containing trihalomethanes are better adsorbed (Table 18, Figure 29). In
1976, Rook reported similar findings.26 ]

Because adsorption is a reversible process, after the bed is exhausted and if the
contaminant concentration declines, a new equilibrium will be established with less
material adsorbed on the adsorbent. To reach this lower adsorbent loading,
desorption must occur. In this study, periods existed when the effluent
trihalomethane concentrations exceeded the influent, e.g., note chloroform and
bromodichloromethane desorption in Figure 42. A material balance after 30 weeks,
however, accounted for all but 6 percent of the total trihalomethane influent to the
coal base GAC system and 16 percent to the lignite base GAC system. The influent
total trihalomethane loading used in the material balance was a summation of the
product of the averaged weekly flows and the influent total trihalomethane
concentrations.
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Removal of trihalomethanes from Cincinnati, OH,
tap water by coal-base GAC. Test period, February-
May 1975; GAC type, Filtrasorb® 200, bed depth, 76
¢m (30 in); hydraulic loading, 5§ m/hr (2 gpm/ft2),
EBCT, 9 min. Bromoform was not found.
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loading, 5 m/hr (2 gpm/ft2); EBCT, 9 min. Bromo-
form was not found.
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The trends shown in Figures 40 and 41 have been observed many times by others.
For example, from the data ORSANCO collected at the Huntington Water
Corporation on a full-scale GAC bed, as expected, the time to exhaustion is greater
for the trihalomethanes containing bromine than for chloroform'® (Figure 43).

A recent study at the Cincinnati, Ohio, water treatment plant compared the

performance of four 10-cm (4-in) diameter pilot columns receiving chlorinated
filtered water for the removal of trihalomethanes.’ Different adsorbent depths were
used to produce four different EBCT's. These data (Figure 44) show the influence of
both EBCT and trihalomethane species on the.removal of these contaminants by
adsorption. Note, the point of chlorination was moved closer in the treatment train
to the test units on 12/4/78, and the shorter reaction time resulted in lower influent
trihalomethane concentrations. i .

T T T S R R S—— a
Influent CHCI,
150 -

100 4=

Effluent CHCl,

THM CONC, pg/L
3
1
!

Effluent CHBrCI; .

TIME IN OPERATION, wk

Figure 43. Trihalomethane removal at the Huntington Water
Corporation by GAC. GAC type, WWW 14 x 40; bed
depth, 76 e¢m (30 in); approach velocity, 6.1 m/hr
(2.6 gpm/ft2); EBCT, 7.1 min.'®
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GAC manufactured by four U.S. companies was compared for the adsorption of
chloroforii at Miami, Florida.3! In this case, four parallel 2.5-cm (1-in) diameter
glass columns received filtered water from the treatment plant. These data (Figure
45, page 74) show three GAC’s—the WVG,* the HD X 30, and the F-400—performed
similarly, agreeing with the results of the earlier comparison of HD 10 X 30 and F-
200 (Figure 42). These data also show that only the W95017 GAC was significantly

‘better than the other three materials.

Data on the adsorption of trihalomethanes on virgin GAC have been assembled
(Table 21, page 75). Because the influent concentration of TTHM was less than the MCL in

‘the Trihalomethane Regulation® for many of these studies, tabulating a time to reach
‘the MCL was not possible in those cases. Therefore, as a measure of when the

adsorption process stopped, the time to reach exhaustion for TTHM removal was
tabulated for each location. This, then, shows the general effectiveness of GAC
adsorption in a variety of places.

Because of the strong influence of EBCT on the service time to exhaustion (Table
19, Figure 44), the data have been ranked in ascending order of EBCT. The mix of
trihalomethane species also influences the service time to exhaustion (Table 19).
Because of this, the Cl/Br ratio in the influent trihalomethanes at the time of
exhaustion is reported ds a way to indicate the mixture in that particular water.
Finally, because the average influent concentration of TTHM influences adsorption
(Table 19), this information is also given. These data should help the reader select for
further study the reference citation of most interest. Combining data from different
locations cannot be done reliably, but generally (Table 21), for typical EBCT’s,
service time to exhaustion is quite short.

Finally, Blanck showed that at the Davenport, lowa, water treatment plant nearly
80 percent breakthrough of TTHM occurred on or before 14 weeks of operation
(Table 22, page 78).%

As noted earlier, if some effluent concentration IeSs‘ than ‘the influent
concentration, such as the MCL for TTHM, is chosen as the target performance
criteria for GAC adsorber, a critical depth will be established. This then is the
minimum design depth of the ‘adsorber that will enable the target concentration to be
reached. To illustrate this, the chloroform data from Table 23 (page 78)°° are plotted
in Figure 46 (page 79). Here, both the “service time to exhaustion” and the “service
time to some target less than exhaustion” (arbitrarily selected as 2 ug/L for chloro-
form in this case) are positively correlated to bed depth or EBCT. The minimum bed
depth or critical depth to remove the chloroform to the target concentration of 2
ug/L is 49 cm (1.6 ft) for these data.

Of course, the closer the target concentration is to the exhaustion (influent)
concentration, the smaller is the minimum bed depth required to meet the target
concentration. Further,- as shown in Figure 39, when measuring service time to
exhaustion, the target effluent concentration equalling the influent concentration,
the critical depth is zero. The vertical distance in weeks between the two lines in
Figure 46 is a measure of the error in predicting service life if -equilibrium
(exhaustion) studies are used, when the treatment target is not exhaustion but a
lower effluent chloroform concentration (2 ug/L in this case).

Figure 47 (page 79)% showing the “bed depth-service time” plots$ for the four
trihalomethanes in Table 23 demonstrates that the more strongly adsorbed bromine-

containing trihalomethanes have a smaller critical bed depth, that is, a thinner mass-

transfer zone. Waters in'which the mixture of trihalomethanes is dominated by the
bromine-containing species might be effectively treated longer and with shallower
GAC beds than waters containing predominantly chloroform.

*Nuchar® WV-G manufactured by Westvaco Corporation, Covington, VA 24426, hereafter called WVG, When available the
Mesh size, e.g.. 12 x 40, is included. Other types of GAC such as Nuchar® WV-W are WVW.

tWITCARB® Grade 950 manufactured by Witco Chcmlcal Corporation, Inorganic Specialties Division, New York, NY
10017, hereafter called W950.
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TABLE 21. SUMMARY OF DATA ON ADSORPTION OF TOTAL TRIHALOMETHANES ON
VIRGIN GRANULAR ACTIVATED CARBON (GAC)

e s : Influent TTHM Time to
Type of Type of EBCT Cl/Br Concentrationt Exhaustion}
Location GAC system . (minutes) ‘ratio*{- - (nzg/L) {weeks) Ref.
Cincinnati, OH WVG 12x40 : PC/PA§ 3.2 2.3 50 - 5 30
Cincinnati, OH _.HD 10x30 _ .PC/PA 3.2 1.9 71 4 30
Cincinnati, OH ‘'WVG 12x4‘0.. . FS/SR§' 4.5 ‘ 23 51 22 62
Cincinnati, OH Filtrasorb® 4000 PC/PA , 5 2.3 121 6 IH§
Mt. Clemens, MI HD 3000** FS/SR 5.8 - 4.4 22 13 NR§
Mt. Clemens, MI HD 3000** FS/SR 5.8 4.6 25 12 NR
Miami, FL " Filtrasorb® 400 PC/PA 6.2 1.8 156 12° 59
Evansville, IN HD 10x30 PC/PA 6.6 13.2 ’ 0.7 3 63
Huntington, WV WVW 14x40 FS/SR = 7.1 1.3 145 . 7 18
Cincinnati, OH | HD 10x30 PC/PA - 75 2.9 31 8 30
Cincinnati, OH WVG PC/PA \7.5 3.8 31 8 30
Cincinnati, OH WVG 20x50 FS/SR +7.5° 4.1 - 51 22 62
Cincinnati, OH "WVG 12x40 FS/SR 7.5 2.3 51 22 62
Philadelphia, PA . UNKS§ PC/PA 7.5 . INF§ 80 9 58
Little Falls, NJ HD 10x30 FS/PA 8 12 921 14 65
Little Falls, NJ wvw - FS/PA 8 ‘52 123 13 65
Little Falls, NJ Filtrasorb® 400 -FS/PA 8 12 91 14 65
Cincinnati, OH HD 10x30 “PC/PA 9 3.0 44 9 IH
Newport, RI Filtrasorb® 400 PC/PA .9 6.1 111 10 NR
Cincinnati, OH Filtrasorb® 200 PC/PA 9 6.3 54 9 1H
Cincinnati, OH WVG 12x40 = PC/SR 9.4 3.4 . 57 22 30
“Evansville, IN - "HD 10x30 PC/PA 9.6 19.9 0.7 3 63
Cincinnati, OH * Filtrasorb® 400 PC/PA °~ 10 97 12 35

T _;"Cantihu”eqﬁ I

23
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TABLE 21. (Continued)

Influent TTHM Time to

Type of Type of EBCT Cl/Br Concentrationf Exhaustion}

Location GAC systeam  (minutes) ratio®} {ug/L) {weeks) Ref.
Cincinnati, OH PICA-Att PC/PA 10 0.72 48 12 IH
Cincinnati, OH PICA-Bit PC/PA 10 1.8 49 13 IH
Beaver Falls, PA Filtrasorb® C}} FS/SR 10.1 7.2 45 15 18
Joff. Parish, LA Filtrasorb® 400 PC/PA 10.8 30 3.5 8 14
Kansas City, MO wvG PC/PA 11 11.7 14 12 64
Kansas City, MO HD 10x30 PC/PA 1 4.6 18 12 64
Kansas City, MO LCKtt PC/PA 11 5.0 29 12 64
Kansas City, MO Norit ROW{t PC/PA 1 5.5 29 12 64
Kansas City, MO Filtrasorb® C{t PC/PA 1 5.1 18 13 64
Jeff. Parish, LA wWwVG PC/PA 11.2 54.5 5.0 7 61
Beaver Falls, PA Filtrasorb® 400 FS/SR 11.3 6.4 67 10 18
Beaver Falls, PA HD 8x16** FS/SR 11.4 6.4 63 9 18
Cincinnati, OH WVG PC/PA 11.8 4.7 8.7 16 30
Cincinnati, OH HD 10x30 PC/PA 11.8 3.0 17 17 30
Miami, FL Filtrasorb® 400 PC/PA 12.4 3.6 155 17 59
Jeff. Parish, LA WVG FS/SR 13.6 5.7 6.6 18 61
Jeff. Parish, LA WVG FS/SR 14 12.2 75 13 60
Cincinnati, OH WVG~ PC/PA 16 13.6 17 17 30
Cincinnati, OH HD 10x30 PC/PA 16 7.9 17 17 30
Jeff. Parish, LA WVG PC/SR 17 . 10.3 5.0 16 61
Jeff. Parish, LA WVG FS/PA 17.5 7.3 6.4 .18 61
Jeff. Parish, LA WVG FS/SR 18 INF 6.1 12 . 60
Jeff. Parish, LA - Filtrasorb® 400 FS/PA 19.3 - 9.0 " 3.3 14 14
Jeff. Parish, LA ~WVG FS/PA 20 .

Continued
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TABLE 21. (Continued) .

}iNot commercially available.

L .- . Influent TTHM Time to
. Type of Type of EBCT  CI/Br Concentrationt Exhaustion}
Location GAC system  (minutes) ratio*} {ng/L) {weeks) Ref.
Jeff. Parish, LA Filtrasorb® 400 PC/PA 21.4 10.0 2.4 14 14
Jeff. Parish, LA Filtrasorb® 400 PC/SR 21.6 33.0 3.8 15 14
Jeff. Parish, LA Filtrasorb® 400 FS/SR 21.9 10.0 24 14 14
Jeff. Parish, LA WVG PC/PA 22.1 74.8 43 16 61
Jeff. Parish, LA Filtrasorb® 400 PC/PA 22.6 INF 5.5 14 14
Jeff. Parish, LA WVG PC/PA 25.3 9.0 4.4 18 61
Jeff. Parish, LA WVG FS/PA 26 20.8 - 4.0 >25 60
Jeff. Parish, LA WvVG PC/PA 32.6 88.8 3.0 26 61
Jeff. Parish, LA Filtrasorb® 400 PC/PA 346 . INF 3.6 18 14
Jeff. Parish, LA WVG . PC/PA 43.5 INF UNK >26 61
Jeff. Parish, LA Filtrasorb® 400 PC/PA 46.3 INF UNK >26 14
*ug/L/ug/L.
{At time of exhaustion.
$Service time until effluent concentration nearly equals influent concentration. M
+§FS, Full scale.
IH, In-house. .
ANF, Infini hi only p
NR. Not reported.
PA, Post-filter adsorber.
.PC, Pilot.column.
SR, Sand replacement. )
. UNK; Unknown. - : : '
*“*Manuf; d by ICI A ica inc., Atlas Ch Is Division, Wilmi n, DE 19899,
t1Foreign. ‘
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TABLE 22. REMOVAL OF TRIHALOMETHANES AT DAVENPORT,
IOWA, BY GRANULAR ACTIVATED CARBON (GAC)s¢

Age of GAC TTHM (ug/L) ] Percent
{weeks) Influent Effluent ©  removal
14 1562 120 . 21
18 93 97 -4
22 71. 62 13

'fABLE 23. REMOVAL OF TRIHALOMETHANES IN MIAMI, FLORIDA,
WATER BY GRANULAR ACTIVATED CARBON* ADSORPTIONS®

Average Time to

i influent 2 ug/L Time to
. _Bed depth EBCT concentration breakthrough exhaustiont
Compound m ft {minutes) {ug/L) (weeks) (weeks)
CHCI, - 0.8 25 6.2 67 - - 1.1 3.4
1.5 5.0 12 67 4.1 7.0
2.3 7.5 19 o 67 7.0 10.9
3.0 100 25 . 67 . . . 103 14.0°
CHBrCl, 0.8 25 6.2 47 : 2.0 8.0
1.5 5.0 12 ' 47" 6.0 14.0
23 7.5 19 . a7 .. ., 104, . 19.9
3.0 10.0 25 S 47 . ) 15.0 CE}
CHBr,Cl 0.8 2.5 6.2 34 3.0 14.4
1.5 5.0 12 34 - - 8.4 24.8
2.3 7.5 19 34 14.0 CE
3.0 10.0 25 34 CE. CE
CHBr, 08 25 . 6.2 2.5 6.0 13.4
1.5 5.0 12 . 2.5 13.0 CE
2.3 7.5 19 . 25 CE , CE

3.0 100 25 2.5 CE . CE

*Filtrasorb® 400.
e ¢ o

pr d by
$Cannot extrapolate.

3

* Finally, in a GAC adsorption bed, EBCT is influenced both by bed depth and
approach velocity. Therefore, various combinations of these two factors can
produce the same EBCT. Figure 48 illustrates a study where both the flow rate and
GAC dépthwere manipulated to give a constant EBCT"These'data show that, in this
case, the various combinations of approach velocity and bed depth that produced a
9- or 18-minute EBCT resulted in the same chloroform breakthrough pattern. This
may not be extrapolated to extremes, however. When a very shallow bed depth and a
very slow approach velocity are used a reasonable EBCT might result, but because
the size of the resulting critical depth may be too large under these operating
conditions, a low target concentration may not be reached.

Discussion—Using equilibrium adsorption isotherms to predict service time to
exhaustion, as in Table 18, is based on several assumptions. Neglecting competitive
adsorption, this approach assumes that the adsorber.column performance is as

78 Treatment Techniques for Controlling Trihalomethanes iri Drinking Water
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:' Figure 46. Bed depth-service times for the removal of chloro-
B form in Miami, FL, water by GAC.5®
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Figure 47. ' Bed depth-service times®® to reach 2 ug/L in the ef-
- fluent for the trihalomethanes being adsorbed by
‘GAC.EBJ’I .
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Figure 48. Effect of empty bed contact time on chloroform ad-
sorption on GAC using Cincinnati, OH, tap water,
Average applied chloroform concentration, 24 ug/L;
GAC type, Filtrasorb® 400.

shown in the “ideal case” (Figure49). In the ideal case, the shaded area represents the
loading on the adsorbent at exhaustion and should equal the equilibrium loading or
capacity for that influent contaminant concentration.

The “typical case” in Figure 49 is what occurs in practice. The total quantity of
adsorbed contaminant is “Area A + B + C,” and the predicted time in service to
exhaustion using equilibrium data would be calculated such that “Area B” equals
“Area A.” This predicted time might be quite different from the actual exhaustion
time, depending on the shape of the influent concentration and breakthrough curves.

Adsorber Adsorber
lnflu;ant Inﬂt’ent

O 5]
2 =
[o] o
(3] O
= =
zZ 2
2 ‘ 2
_5- Adsorber E Adsorber
< Effluent b Effluent
= =
2 z
(%] B Q
. —3
TIME IN OPERATION , Exhaustion_ TIME IN OPERATION
@ g -
5 Time Z
B <
&
TYPICAL CASE IDEAL CASE
Figure 49. Comparison of ideal and tYpicaI GAC adsorber per-
formance. : : :
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" In their work in Miami, FL, Wood and DeMarco calculated “Area A + C”to
determine the GAC loading at exhaustion.”® Although different activated carbons
were used and other factors such as water quality were different, these data were
compared with those determined by Dobbs and Cohen®' (Table 24). As expected,
loadings calculated from isotherm data were similar, but not the same as those
observed for the GAC columns.

TABLE 24. COMPARISON OF ADSORPTION ISOTHERM DATA®!
WITH GRANULAR ACTIVATED CARBON (GAC) COLUMN
ADSORPTION DATA AT EXHAUSTIONS®®

influent isotherm GAC column
concentration loading* loadingt
Constituent {ug/L) {mg/q) {mg/g)
CHCI, 67 0.35 0.67
CHBrCI, . ... - 47 1.2. © 0.83
CHBr,CI 34 1.4 1.0

*From Figure 295, . X .
tFrom Reference 59; bed depth = 1.5 m (5 ft}; EBCT = 12 minutes.

Furthermore (referring to Figure 41), with an influent chloroform concentration of
about 50 ug/L,a9-minute EBCT, and a 5 m/hr (2 gpm/ft®) approach velocity, use of
the adsorption isotherm illustrated in Figure 28 would indicate a time in service to
exhaustion of 2.6 weeks, whereas exhaustion actually occurred after 8 or 9 weeks of
operation. The effects. on treatment effectiveness caused by competition for
adsorption sites with other organic species, as well as the difficulty in selecting the
service time corresponding to “true” exhaustion when the influent concentration is
highly variable, can also contribute to the disagreement between predicted and

actual service times to exhaustion.

Finally, calculating service times to exhaustion from the adsorption isotherms

- (Figure 29) also shows that EBCT, contaminant influent concentration, and fraction
.of TTHM’s that contain bromine all influence the service life to exhaustion (Table

19). The data in Table 21 :show the influence of these three factors on the
performance of GAC adsorbers.

Thus, the data in Tables 18 and 19 calculated from adsorption isotherms are
instructive on a relative basis, but cannot be used to accurately predict GAC column
service times. Isotherms may be used at a location to indicate the feasibility of GAC
treatment, but pilot studies will always be needed to accurately predict GAC
adsorber performance. The data in Table 21 also show that, generally, except for
very long EBCT, service life to exhaustion is short for GAC adsorbers removing
TTHM. Therefore, GAC for THM removal alone may not be recommended partly
because of the high reactivation frequency required. However, if other synthetic
organic contaminants are diagnosed to be a problem, then GAC might be
appropriate for removing both these and THM’s. GAC may be considered more
applicable for precursor removal (especially prior to chlorination) where the
required reactivation frequency may be less, to be discussed under Section VII of this
report. ]

Synthetic Resins—
General Considerations—As alternatives to using PAC or GAC, the ability of
several synthetic resins to absorb TTHM has been evaluated. o

Experimental Results—Ambersorb® XE-340 *—Ambersorb® XE-340 was
specifically designed to adsorb lower molecular weight halogenated organic
compounds.} Cmcmnatl tap water contammg trihalomethanes was passed through

*Amb b® XE-340 factured by Rohm & Haas Company, Philadelphia, PA 19105.
tAnother ad ge claimed by the facturer is the ability to regenerate this material in-place by steaming.

Section VI. Treatment Techniques to Remove Trihalomethanes 81
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a 3.7-cm (1.5-in) diameter, glass pilot column containing 81 cm (321in) ofthe resin.
At an approach velocity of 5 m/hr (2 gpm/ ft*), a 10-minute EBCT resulted. The
previously unpublished data in Figure 50 show that TTHM’ were still being
removed after 40 weeks. According to Table 21 GAC systems with a 10-minute
EBCT were exhausted for TTHM removal after 12 to 15 weeks. Thus the synthetic
resin appeared in this case to be significantly more effective than granular activated
carbon for THM removal.

150 ]
Column Influent

125

TTHM CONC, pg/L
o
|

Column Effluent

TIME IN OPERATION, wk

Figure 50. Removal of trihalomethanes by Ambersorb® XE-340;
EBCT, 10 min.

Studies in Miami, FL, confirm the capacity of Ambersorb® XE-340 to remove
trihalomethanes (Table 25).%° As with GAC (Table 23), the time for this resin toreach
exhaustion is longer for the bromine-containing trihalomethanes than for
chloroform.

The comparison of trihalomethane loadings on the two adsorbents at similar
influent concentrations (Table 26) shows the increased adsorption capabilities for
the Ambersorb® XE-340.

Between February 1977 and March 1979, the American Water Works Association
Research Foundation, along with the University of Missouri, lowa State University,
and the University of Illinois, conducted pilot scale adsorption studies at the Kansas
City, Missouri, Water Treatment Plant.®® There, Missouri River water receives
coagulants, lime for softening, settling, filtration, and approximately 6 hours of free

chlorine contact time before ammonia is added to ensure a combined residual. Pilot -

scale adsorption units (described in detail in Reference 64) were installed following
filtration. They were 15-cm (6-in) diameter glass columns containing 0.9 mto0 2.7 m
(3 ft to 9 ft) of adsorbent. Over a 2-year period, Ambersorb® XE-340 was examined
for its effectiveness for removing trihalomethanes. Variations in the trihalomethane
concentrations in the applied water makes selecting an absolute time for
breakthrough (effluent >10 percent of influent) and exhaustion difficult; however,
Ambersorb® XE-340 effectively removed trihalomethanes, exhibited a very gradual

82 Treatment Techniques for Controlling Trihalomethanes in Drinking Water
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TABLE 25 REMOVAL OF TRIHALOMETHANES IN MIAMI, FLORIDA,
. : BY SYNTHETIC RESIN*5® :

o Average . Time to
- ' " influent 2 ug/L . Time to
R ‘concentration = ' breakthrough exhaustion}
Compound {ug/L) {weeks) {weeks)
CHCl, . 80 '3 156
. 69 3 150
64 [¢] 150
CHBrCI, 37 20 . 216
43 20 . 210
a2 22 . ' CE}
CHBr,CI 12 47 : 260
25 45 260
27 25 ° CE
CHBr, 1.9 63 CE

*Ambearsorb® XE-340; EBCT = 6.2 minutes; bed depth = 0.8 m (2.5 ft).
vy " dictad by polati

1
{Cannot axtr;polate‘.

TABLE 26. COMPARISON OF GRANULAR ACTIVATED CARBON
(GAC) (F-400) AND AMBERSORB® XE-340 COLUMN DATA
AT EXHAUSTION*52

Ambersorb®

GAC XE-340

Influentt .  column influent column

concentration loading concentration loading

Constituent (ng/L) (mg/g) (ug/L) (mg/g)
CHCI, g 67 0.53 : 69 2.2
CHBrCI, 47 0.84 43 2.0
CHBr,Cl . : . 34 . 1.0 25 . 1.6

*EBCT = 6.2 minutes; bed depth = 0.8 m (2.5 ft). .
tSee Table 23.

breakthrough curve, and, thereby, yiclded a longservice life. Although effective, like
any adsorbent that is not used on a one-time basis, Ambersorb® XE-340 must be
regenerated when saturated with adsorbate. Also, adsorption of trihalomethanes on
Ambersorb® XE-340 i is a reversible process, and these materials will desorb if the
influent concentration’declines. “This is shown in Figure 51 where chloroform-free
water was passed over a bed of Ambersorb® XE-340 that had previously been

. exhausted for chloroform removal Under these circumstances, the expected

desorptlon occurred

Other Resins—Although the trihalomethanes are neutral species, strong and weak
base anion exchange resins were investigated to determine their capacities to remove

‘trihalomethanes as a part of other investigations. The strong base anion exchange

resin- Amberlite® IRA-904, manufactured by the Rohm & Haas Company,

Philadelphia, PA 19105, was studied at both Miami; FL,and Vl(a'nvsaani'ty,’ MO;s¢
. thé weak base anion exchange resin ES-561, manufactured by the Diamond

"Section VI. Treatment Techniques_t_o Remove Trihalomethanes 83
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Figure 51. Desorption of chloroform from Ambersorb® XE-340;
EBCT, 6.2 min.%®

Shamrock Corporation, 800 Chester Street, Redwood City, CA 94064, was tested at
Kansas City, MO.** As expected, these resins were not useful for removing
trihalomethanes.

Discussion—Of the synthetic resins tested only Ambersorb® XE-340, the one
specifically designed by the manufacturer to have high adsorptive capacity for low
molecular weight halogenated compounds, showed promise. In parallel experiments
loadings on this resin were greater than those on GAC. Although this resin has been
regenerated by steaming in the laboratory, as claimed by the manufacturer, the
scaleup to full plant size is still being developed, and this resin is. not available in
commercial quantities.

Summary of Using Trihalomethane Removal as an Approach to
Trihalomethane Control : ‘

Advantages of Tfihalqmethane Removal—

As a treatment approach, removal of trihalomethanes has some advantages, The
more important are that the water utility would not need to change its disinfection
practices and the treatment is targeted to the regulated contaminant..Chlorination, a
process in which many designers and operators have confidence, could continue to
be used as a disinfection process, with the resulting trihalomethanes being removed
by some unit process added to the treatment train. The flexibility to permit
noncentral treatment of the finished water may also prove to be advantageous.

84 Treatment Techniques for Controlling Trihalomethanes in Drinking Water

DIM0282243



DIM0282148

Disadvantages of Trihalomethane Removal—

Other Organic Disinfection Byproducts—To evaluate one disadvantage of
maintaining chlorination practice and treating the trihalomethanes formed, the
behavior of the other disinfection byproducts formed during disinfection with free
chlorine must be understood. Recall that the reaction of free chlorine and precursors
is:

OTHER
FREE PRECURSORS HALOSSEATED
+ SUBS S) — . s +
CHLORINE (HUZA;‘CL‘)SB%%%;?SEFS) TRIHALOMETHANES NONHALOGENATED
OXIDIZED
BYPRODUCTS

As ‘indicated- by ‘this reaction, during free chlorination, other - halogenated
byproducts result. Most of these byproducts cannot be measured individually by gas
chromatographic techniques, but they can be estimated as a group, as “organic
halogen” (OX). Although not perfect, this test”® is useful for evaluating the behavior
of nontrihalomethane halogenated byproducts during any proposed treatment
scheme. Although the health significance of these halogenated byproducts has not
been fully evaluated,” these byproducts should be viewed with suspicion, (The
nature of these other chlorination byproducts is discussed in the subsection on
Disinfection Byproducts in Section VIIL.)

Therefore, one disadvantage of a treatment approach, the objective of whichisto
remove trihalomethanes after formation, is that other disinfection byproducts may
not be removed by the treatment process. Although the concentration of these
compounds is not now subject to regulation, minimizing their concentration, where
possible, would be prudent.

Further, because chlorine is an oxidant, the possibility of producing oxidation
byproducts during chlorination also exists (note the reaction above). At the present

_time, few of these oxidation b7yproducts can be measured bit their tox1colog1c

s:gmflcance is bemg evaluated.

Lack of Precursor Removal—As mentloned earlier in this report, because the
formation of trihalomethanes is not instantaneous, their concentrations increase in

_ the water as it flows to the consumer. This is the second disadvantage of atreatment
. strategy based on the removal of trlhalomethanes only. The precursor remaining in

the wateér will react with any free chlorine present and more trihalomethangs will
form after the trihalomethane treatment step.

For example, during an aeration study (see Table 9), chloroform was removed at
higher air-to-water ratios, but the chloroform formation potential was not (Figure
52). The chloroform concentration did decline during aeration, but because of the
lack of precursor removal, the chloroform concentration reaching the consumer
would be higher than that measured in the effluent of the treatment unit process.
Some benefit would be gained, however, as InstTHM concentrations would be lower
at any point in the distribution system after aeration treatment than it would be
before treatment. The adsorptive treatment techniques covered in this section also
have an incidental precursor removal function that is more completely explained in
Section VII. Avoiding post-treatment trihalomethane formation by converting all
precursors into trihalomethanes before acration is not practical because of the
chlorination byproducts that would be.formed and probably not removed during

. aeration and because of the typically slow trihalomethane formation rate. -

' Section VI. Treatment Technigues to Remove Trihalomethanes . 85
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SECTION VII ,
TREATMENT TECHNIQUES TO REMOVE
TRIHALOMETHANE PRECURSORS (THMFP)

Because trihalomethanes are formed when free chlorine is added to water
containing trihalomethane precursors,.one approach to lowering TTHM concen-
trations would be removal of the precursors. This section examines this approachin
detail by discussing eight techniques for removing trihalométhane precursors from
drinking water—clarification, source control, aeration, oxidation, adsorption, ion
exchange, biologic degradation, and lowering of pH. : .

Trihalomethane precursors are measured by the trihalomethanes that are formed
upon chlorination and storage. But the resulting measurements may be influenced
greatly by variations in test conditions (storage time, temperature, pH, and
trihalomethane species measured) among the locations reporting data. Thus the
results presented in this section will be influenced by the varying test conditions in an
unknown way. For example, two locations with the same type and quantity of pre-
cursor could report different THMFP’s if the TermTH M tests were performed under
different conditions.

In addition, in many experimental plant evaluations reported here, the conditions
of the TermTHM test were selected and known to be somewhat different from those
existing in that utility’s distribution system. Thus in these cases, the TermTHM
concentrations reported should not be considered to reflect actual concentrations of
trihalomethanes reaching the consumer. Because of these test variables, precursor
test conditions and rationales for their selection will be stated wherever possible to
facilitate comparisons of data.

As discussed earlier in the “Measurement” Section, another consideration is
selecting units of expression of trihalomethane concentration. This is an especially
important consideration when the investigator is interpreting precursor removal
data. Although, for a given amount of precursor present, observed molar yields of
trihalomethanes after bromination are generally higher than when chlorination
alone is practiced, this result is likely to be a reaction rate phenomenon, and the
actual number of potential reactive sites (chemical equivalents) available is probably
similar regardless of the attacking halogen species. So because trihalomethane
precursors are measured by chlorinating a sample and analyzing the trihalomethanes
produced, any summation should theoretically be made on a molar basis. Such a
summation would allow the most accurate comparison of precursor concentrations
(number of active sites) in various samples tested, because this measure is unbiased
by the differing molecular weights of the trihalomethanes formed in varying
mixtures.

Again, however, because the Trihalomethane Regulation® is based on TTHM

summed on a weight basis (ug/L),the data will usually be reported in terms of ug/L -

THMFP rather than (or in addition to) the more chemically meaningful gmol/L.
Major exceptions to this are the Subsections Powdered Activated Carbon and
Granular Activated Carbon (General Considerations), where adsorption isotherms
of TTHM’s are discussed on a micromolar basis only. These exceptions were
considered necessary because of the variable relative yields of the trihalomethane
species observed when different amounts of precursor were chlorinated under the
same test conditions. The differing molecular weights of these species would
influence the shape of THMFP adsorption isotherm curves if the summations were

Section VII. Treatment Techniques to Remove Trihalomethane Precursors 87
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made on a pg/L basis. The units reported in the cited literature vary, and reference
should be made to the respective sources for data when individual species or TTHM
data expressed in molar units are desired and not included here.

Clarification (Including Moving the Point of Chlorine Application)

General Considerations—

The American Water Works Association Research Committee on Coagulation
has provxdcd an excellent summary of the general subject of orgamcs removal by
coagulation,”? The Committee recognized that although coagulation is most often
considered a treatment technique for turbidity reduction, the process plays a very
significant role in organics removal at the same time. This role occurs both because
some organic materials are probably adsorbed on suspended particles (turbidity)
and because direct interactions of the natural humic materials (usually recognized as
color) take place with the coagulants themselves. Several reports have documented

the stoichiometric relationship between the precipitated humic materials and
coagulants.””*” The Committee report’” concludes that both iron salts and alum
are effective for removing humic and fulvic acids from water, and that cationic
polymers that interact with the anionic humates can also play a useful role as coagu-
lants for organics removal. Doses required depend on both the amount of humic
material present and the pH. The pH affects both the precipitation of the coagulant
and the stoichiometry of the coagulant-humate interaction by way of protonation of
the humate itself. Removal of organics by coagulation is best under slightly acidic
conditions, pH 4 to 6.

Iron or aluminum salts, calcium hydroxide (if softening is also a goal), and
polymers are commonly used coagulants in different types of water treatment plants
designed to remove color and turbidity. Thus the study of these coagulants for the
removal of trihalomethane precursors was logical because a major fraction of
trihalomethane precursors are humic and fulvic acids that cause natural color.

Early Experiments with Clarification Processes for Precursor Removal—Early in
the USEPA in-house studies, samples were collected before and after the various
unit processes within a conventionally operated pilot plant and analyzed for non-
purgeable organic carbon (NPOC) concentrations. Although removals vary, the
relative results (Figure 53) are falrly typical and generally as expected, because
similar results have been reported in the NORS and subsequently demonstrated in
another full-scale water treatment plant.” In these studies, coagulation;
flocculation, and sedimentation had a marked effect on the general NPOC
concentration—approximately a 60 percent reduction. Kavanaugh’’ also cited
similar data from other literature.

To determine whether or not trihalomethane precursors were removed in a similar
manner during conventional treatment, samples of source water, coagulated and
settled water, and dual-media-filtered water from the USEPA pilot plant were
chlorinated in closed containers to determine the production pattern of trihalo-
methanes (Figure 54A). These experiments revealed that the pattern for lowering the
chloroform formation potential paralleled the géneral decline of NPOC for the
various qualities of water (Figure 54B). This conventional treatment, however, had
relatively much less effect on preventing the formation of bromine-containing
trihalomethanes (Figure 54B). The reason is probably that bromide is not signifi-
cantly affected by coagulation and remains available for oxidation to the active
bromine species, which then effectively competes with chlorine in the trihalomethane
formation reaction thh the precursor that remams after clarification.

Work by Semmens™ and Babcock and Smger on coagulation also revealed
important information about the potential of “this process for removing
trihalomethane precursors. Semmens showed that up to 65 percent precursor
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Figure 53. Relative NPOC removal during water treatmentin a
pilot plant. Source water NPOC concentration range,
2.2-3.9 mg/L.

removal occurred for a dose of 100 mg/L alum in reconstituted Mississippi River
water at a pH range of 5.0to 5.5. The removal of trihalomethane precursors followed
the same trend as TOC and ultra-violet absorbance removal, but the relative slopes
of the various removal curves ‘were somewhat different.

Babcock and Singer”” showed that about 80 to 90 percent of humic acid, and
approximately 20 to 39 percent of fulvic acid (both with a starting concentration of
10 mg/L TOC) could be removed by the addition of 100 mg/L alum at pH 5.0. Ina
second series of tests, they found that a residual of 1.4 mg/L humic acid TOC
(starting with 10 mg/L humic acid and 50 mg/L alumm) was capable of producing
about 100 ug/L of chloroform within a 48-hour chlorination time. Furthermore,
they found that a residual of 7.8 mg/ L fulvic acid TOC (starting with 10 mg/L fulvic
acid TOC and 100 mg/L ‘alum) was also capable of producing approximately 100
ug/L chloroform during. a 48-hour chlorination time. Thus the yield of
trihalomethanes from residual TOC may vary significantly, indicating that the
success of coagulation for precursor removal is likely to be highly variable. Both of
these investigators showed that the potential for removing trihalomethane
precursors by coagulation and settling may be enhanced by carrying out this process
at a lower pH. :

Anticipating Success of Clarlf cation for Precursor Removal—Successful trihalo-
methane control can be measured in two ways: 1) by a low finished water TermTHM
(precursor) concentration, which affects ‘the trihalomethanes formed during
distribution, and 2) by a low finished water InstTHM concentration, which will
benefit consumers to a varying degree, depending on their distance from the plant.
Either of these results from a unit process will benefit the consumer.

At existing plants already employing clarification unit process(es), only a
laboratory analysis is needed to measure TermTHM reductions through the unit
processes (“Amount B” and “Amount'B’” in Figure 55, page 92). The magnitude of
these reductions is often quite significant. Efforts can then be made to improve plant
performance for increasing the removal ‘of precursor by modification of pH,
coagulant dose, or changing the coagulant used.
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Figure 65. InstTHM, TermTHM, and THMFP relationships in
conventional treatment.

Furthermore, under some circumstances, “Amount B’” can be increased by
“Amount F” to reduce the finished water TermTHM concentration by moving
chlorination to a point after the pregipitation process is complete (see modified
treatment, Figure 55). Because coagulation and settling take a significant amount of
time (as opposed to most unit processes) some formation of trihalomethanes from
precursors can take place during this time. This formation would be prevented if the
chlorination point were moved so that additional precursor (*“Amount F”) could be
settled before contact with the chlorine. This change in treatment practice may also
decrease the finished water InstTHM concentration by “Amount E” and thereby
reduce InstTHM at any given time in the distribution system. '

To successfully lower the finished water TermTHM concentration when the point
of chlorination is moved beyond the séttling basin, both the fractions B/(A+ B+ C)
and C/(C + A) (Figure 55) must be high. These fractions will be reported, where
available, in the Subsection on Experimental Results below to show just how high
they must be. '

To use this predictive technique, the fraction B/(A + B + C) must be determined
across the unit process after which chlorination is being considered during modified
treatment, and the fraction C/(C+ A) must be determined on the effluent of that unit
process. Furthermore, if some InstTHM is present at the point from which
chlorination might be moved, this concentration must be subtracted from the
measured InstTHM concentrations in the unit processeffluent before calculating the
fractions C/(C + A) and B/(A+ B+ C),

To successfully lower the finished water InstTHM concentration, the free
chlorine/ precursor reaction must be rapid enough to be significant through the unit
process, but not.so rapid that the reaction is complete before the water enters the
distribution system (i.e., the small reductionin contact time between the free chlorine

and precursors that occurs before the clearwell when the chlorine is applied laterin

the treatment train must have some favorable effect in the distribution system).
Figure 56 is presented to clarify this point.
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For example, when conditions involve a fast reaction rate (Figure 56A), the
formation of trihalomethanes is delayed when the point of chlorination is moved
from R to M (routine to modified); but no difference in trihalomethane
concentrations occurs at any point in the distribution system. The concentrations C,
and Cnare equal, and soare Crand Cr'. Under the more typical reaction conditions in
Figure 56B, some improvement can be noticed (C; - Cn) at the entrance to the distri-
bution system. The magnitude of this benefit decreases with time to a minimum
(Ct - Cr) at the end of the distribution system.

In the presentation of data from operating water treatment plantsthat follows, the
absolute effectiveness of clarification for precursor removal, B’/ (A+B+C), as well as
various unit process changes (including moving the point of chlorination) will be
discussed together, as they are so closely related.

Experimental Results—

Coagulation-Sedimentation-Filtration—Ohio River Valley Water Sanitation
Commission (ORSANCO) Results—Field studies conducted by’ ORSANCO,
measured the removal of precursor at 10 water utilities treating river water with
various combinations of coagulation, settling, and filtration."® In this study, samples
collected for determination of TermTHM were buffered to the finished water pH,’
received an additional 15 mg/L chlorine, and were stored for 7'days at ambient
temperature. Unpublished rate curves suggested that these conditions were sufficient -
to complete the trihalomethane reaction so that changes in precursor concentration.,’
through a treatment process could be assessed. The curves also suggested, however,’
that these conditions would produce a finished water TermTHM concentration
higher than would be found at the extremities of a 3-day distribution system '
maintaining a minimal free chlorine residual—the ambient conditions at many-of
these utilities. Therefore, the TermTHM concentrations do not reflect the actual
quality of the consumer’s drinking water even though the removal comparisons were -
possible. ’ . ' o

The effectiveness of clarification as™a process for trihalomethane precursor -
removal is demonstrated by data for the.10 locations (Table 27), whichshow thatan .*
average of 29 to 51 percent of the Ohio Riversource water precursor was removed by
the treatment plants. : R oo

Three utilities—the Cincinnati Water Works, the Pittsburgh Department of .:
Water, and the Wheeling Water. Department—were selected for more detailed -
investigations. Two-week studies were made of trihalomethane precursor removal -
by individual unit processes in the treatment plant and of the effects of moving the’
chlorine application point further into the treatment process to allow clarificationto .
reduce precursor concentrations before chlorination. An attempt was made to
follow the InstTHM and TermTHM concentrations in a plug of water from the
source through the clearwell, but not into the distribution system. ,

In each of these three locations, the removal of trihalomethane precursor occurred
during the first unit process where a coagulant was added (Table 28, page 97). Little,
if any, further removal occurred in the remaining unit processes in the treatment
plant. : '

The Cincinnati, OH, resuits of moving the point of chlorination to later in the
treatment train (Figure 57, page 97) show that a significant difference in source water
precursor levels was observed between the two treatment periods (routine and
modified, or delayed chlorination). At least a.39-percent'decrease in TTHM's was
noted for the source water during modified treatment. In this study, the fraction
B/(A+ B+ C)(Figure 55) during routine operation was at least 0.34, and the fraction
C/(C + A) was 0.26 in the settled water (Figure 57). These data show that a slightly
higher percentage of the source water TermTHM concentration was present in the
finished water during the modified mode of treatment, indicating that moving the
point of chlorination from the off-stream reservoir effluent to the settling basin

94 Treatment Techniques for.Controlling Trihalomethanes in.Drinking Water _
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TABLE 27. SUMMARY OF PRECURSOR REMOVAL DATA AT
- FULL-SCALE TREATMENT PLANTS'® . -

Mean* fraction of

precursor removal ‘Number
"B'/(A +'B +-C)t . of
Location . Treatment during routine treatment tosts
Huntington, WV Coagulation, sedimentation, ' '
L . 2- to 3-yr-old GAC 0.29 10
~ Fox Chapel, PA Coagulation, 2-stage ‘
o - sedimentation, filtration '0.49 12
-Wilkinsburg- ~ Coagulation, 2-stage i
Pennsylvania sedimentation, filtration 0.38 10
Joint Water ‘ :
Authority, PA
Evansville, IN Coagulation, sedimentation, »
) filtration 0.36 1
Pittsburgh, PA Coagulation, 2-stage
. sedimentation, filtration ) 0.38 11
‘Western Pennsylvania Coagulation, 2-stage
Water Co., Hays Mine sedimentation, 2- to 3-yr-old
Plant GAC : 0.35 - 8
" Beaver Falls, PA Coagulation, 2-stage
C - sedimentation, filtration 0.33 10
Wheeling, wv Gravity sedimentation,
coagulation, sedimentation,
filtration 0.30 8
Continued
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TABLE 27. (Continued)

Location

Treatment

Mean* fraction of
precursor removal
B'/(A +B + C)t
during routine treatment

Number
of
tests

Cincinnati, OH

Louisville, KY

48-hr reservoir settling
w/alum, coagulation,
sedimentation, filtration

22-hr reservoir settling,
coagulation, 2-stage
sedimentation, filtration

0.51

0.28

10

1"

2ot ot 1

*Monthly raw and fi

{From Figure 55. Storage condirﬁom: Buffer to finished water pH,

15 mg/L chlorine added, 7-day storage.




TABLE 28. SUMMARY OF PRECURSOR REMOVAL THROUGH THREE
WATER TREATMENT PLANTS8 .

Mean*
% removal of
TermTHM+ from
source to effluent

Location Treatment of given treatment
Cincinnati, OH 48-hr reservoir B
settling with alum 32
Coagulation, settling . 43% -
: Sand filtration .30
Pittsburgh, PA Coagulation, clarification 29
: Settling - 19}
Sand filtration : 27
Wheeling, WV 1-hr gravity settling . . i 0
Coagulation, settling : o 18
Sand filtration 18

*Two-week study. . :
tBufter to finished water pH, 15 mg/L chlorine added, 7-day storage, ambient temperature.
{May have been influenced by analytic error.

Routine & Routine
3 Treatment Inst TTHM Treatment
] =508 ) D THMFP (=66% of Control)
- [+ verm 1M 338
Modified , .
] Treatment Routine :
=309 Treatment . .o
291 . - ’
. ] N Modified .
> Treatment 232
2 rr _ : {275% of Control) ~(]
N 5 .
Q = . .
-4 c ) B
3 8 I -
g L) = aul
E ‘ ) o 106
1N |
&
77
= 65|
A
SOURCE RESERVOIR SETTLED FILTERED FINISHED E
WATER SETTLED WATER WATER WATER .
WATER
Routine . . . .
Treatment 4.8 mg/L PAC 4.8 mg/L PAC - - ’
3.6 mg/L Ci,
Modified T
Treatment 4.8 mg/L PAC 4.8 mg/L PAC 3.3 mg/LCl,

Figure 57. Trihalomethane formation (mean values) during
routine and modified (delayed chlorination) treat-
ment at the Cincinnati Water Works {OH). (October
1977, 560,000-m3/day[1 50-mgd] capacity.) THMFP
conditions: pH 8.4; 19 to 25°C (66 to 77°F); storage
time, 7 days.18

Section VII. Treatment Techniques to Remove Trihalomethane Precursors 97 -

8 DIM0282256
DIM028214



DIM0282148

¢ffiuent had little influence. On the other hand, the finished water InstTHM concen-
tration declined 41 pg/L (39 percent), partly because the lower concentration of
precursor at the time of the experiment was slowing the reaction rate. This decline
benefited consumers near the water treatment plant, but additional precursor
removal did not occur.

In the Pittsburgh, PA, study, the fraction B/(A + B + C) (Figure 55) during
routine operation was 0.26, and the fraction C/(C + A) was 0.05 in the
coagulated/ clarified effluent (Figure 58). The data in Figure 58 show that the
finished water TermTHM concentration did not decline, but actually rose about 2
percent during the test period. The InstTHM concentration in the finished water
declined 30 ug/ L (54 percent), however—a benefit to nearby consumers. The benefit
of additional precursor removal did not occur as a result of changing the
chlorination point. Note that in this study, the source water TermTHM
concentration declined very little (about 6 percent) during the period of modified
operation in contrast to the Cincinnati, OH, results reported above. So in this case,
the decline in InstTHM concentration cannot be attributed to a lower source water
precursor concentration. ‘ :

The Wheeling, WV, study used the same technique as described above. During
routine operation, the fraction of TermTHM that was removed in the
coagulation/ settling basin was 0. 18, and the fraction of THMFP that was.converted
to InstTHM during that unit process was 0.23 (Figure 59). During modified

-
)

MEAN THM CONC, pg/L
i
L

Control

v

27_51 ?outine .
bendingle InstTHM Modified
Modified . Treatment
| Treatment ] THMFP (81% of Control)
OB TermTHM. 207
196 Routine » 203
Treatment
_l Routine
Treatment ’

(74% of Control}

SOURCE COAGULATED AND SETTLED FILTERED ‘ FINISHED
WATER CLARIFIED WATER WATER WATER |, WATER

Routine
Treatment 1.2 mg/LCl,
0.4 mg/L PAC 2.4 mg/L Cl;
Modified ’ .
Treatment 4.8 mg/LPAC" 0.5 mg/L Cl; E 2.7 mg/L Cly
Figure 68. Trihalomethane formation (mean values) during

routine and modified {delayed chiorination) treat-
ment at the Pittsburgh Department of Water (PA).
{October 1978, 228,000-m3/d [60-mgd] capacity.)
THMEP conditions: pH 8.3; 17 to 23°C (63 to.73°F);
storage time, 7 days.®
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1~ Treatment : Treatment -
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Treatment 265 ) 273
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2 Treatment -
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4 Treatment
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S \J (84% of } »
5| —=— —
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© 7
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_NS_ ]
SOURCE GRAVITY- »| COAGULATED FILTERED |, FINISHED | -
WATER ) SETTLED [~ & SETTLED WATER WATER :
- - o WATER. WATER . :
.. Routine . - ‘ . i : ‘
. Treatment C 4.7 mg/L Cl, . 17.mg/LCl
» 1.0 mg/L PAC - . 0.2 mg/L CIO,
Moadified T T
Treatment 1.2 mg/L KMnQO, 4.0 mg/L Cl, 2.6 mg/L Cl,
1.0 mg/L PAC , . 0.2 mg/L IO,

Figure 9. Trihalomethane formation (mean values) during -
routine and modified (délayed chlorination) treat-
ment at the Wheeling Water Department (WV), "'

" (November 1978, 18,000-m3/day [10-mgd] capa-
city.) THMFP conditions: pH 9.2: 9 to 13°C (48 to
56°F); storage time, 7 days.18

.

" treatment, the TermTHM found in the finished water had increased slightly from 84
" percent (during routine treatment) to 88 percent of the source water TermTHM,
-indicating that moving the chlorination point had little effect on this measurement.

~ A ‘decline of 48" ug/L (32 percent) did occur in ‘the finished water InstTHM
" concentration, however; so moving the chlorination point did have a beneficial effect

to some consumers; but this change did not increase precursor removal., Finally,

-these three studies also confirmed the findings shown.in Figure 54 that the ratio of

chlorine to bromine in the the trihalomethanes found in the ¢learwell decreases as
precursor is removed. These results indicate.again that the conversion of bromide to

" an active bromine species followed by reaction with precursor materials is a more

rapid reaction than the reaction of chlorine with precursors. ‘

Contra Costa,‘ CA, Resuits—Lange and Kéwczynski reported on a full-scale
experiment at the Contra Costa Water District to determine the ability of alum

"+ coagulation to remove trihalomethane precursors.”® At this: location, the source
- wateris chlorinated during routine treatment . to Jjust: beyond breakpoint, then

coagulated with alum, reducing the pH from 8.2 t0 6.9. Lime is added to the settled
water to raise the pH to 7.2 before filtering. Following filtration, the pH isadjusted
to 8.2, and the water flows into a 1.5 X 10° m’ (40-million-gal) clearwell. The
InstTHM concentrations were determined at this point. :

Section VIl. Treatment Techniques to Remove Trihalomethane Precursors 99.
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When the test began, the plant was operating as noted above, using a coagulant
dose of 50 mg/L. The TTHM concentration in the effluent of the clearwell at this
time was 273 ug/L. Because source water TermTHM concentrations were not
measured in this study, the influence of routine treatment on trihalomethane
precursors could not be determined. But a modification to provide chlorination of
the settled water lowered the InstTHM concentration in the clearwell effluent from
23 to 37 percent. This result assumes that the 8/15/77 data can be used as a control '
for the entire experiment (Table 29). Because of the number of variables, exact
interpretation of these results is difficult. The increased removal may have been
caused by at least three factors, possibly acting together: 1) shorter chlorine contact
time before the clearwell sampling point, 2) improved precursor removal prior to
chlorination (the purpose of the experiment), and 3) an increase in alum dose from 50
to 80 mg/ L over the presumed control. In this study, increasing the coagulant dose
did not improve the removal of precursors, as the InstTHM concentrations did not
decrease with increasing alum dose in this range.

TABLE 29. INFLUENCE OF SETTLED WATER CHLORINATION ON
InstTTHM IN CLEARWELL AT CONTRA COSTA, CA%

Percent
Alum dose, InstTTHM,* InstTTHM

Date mg/L ug/L ‘ reduction .
8/16/77t 50 273 — e -
8/22 80 171 37 -
8/23 80 193 29 e
9/8 80 231 15 -
8/26 103 190 30
8/29 120 180 34 -
8/31 120 185 32
9/13 130 203 26
9/1 148 213 23

*Samples collacted after cloarwell.
$Control (source water chiorination).

Bristol County Water Company, RI, Results—Blanck reported on the removal of
trihalomethane precursors at the Warren Filter Plant of the Bristol County (RI)
Water Company.66 Here, reservoir water receives alum and a coagulant aid before
entering a clarifier/ flocculator. PAC is then added before the water enters a settling
basin. The settling basin effluent receives lime treatment before filtration. Removal
of trihalomethane precursors in the settling basin was demonstrated by a decrease in
TTHM concentration from 209 to 51 ug/L when chlorination was moved from
between the clarifier/flocculator and the settling basin to after the settling basin.
This reduction represented a decline of 75 percent. The author did not state,
however, where the TTHM samples were collected, or whether they were InstTHM
or TermTHM concentrations. In a way similarto the Contra Costa results discussed
above, these results are difficult to interpret for cause and effect relationships.
Insufficient sampling information is given to control for the influence of a shorter
chlorine contact time on the observed results.

Metropolitan Water District of Southern California Results——As reported by
Cohen et al., one portion of the Metropolitan Water District of Southern California
(MWDSC) system consists of a long transmission line from Lake Mathews to the
R.B. Diemer filtration plant, followed by a feeder line to the San Joaquin Reservoir
(Figure 60).%° To assess the ability of the Diemer plant to remove trihalomethane
precursors, the trihalomethane concentrations at seven distribution sampling points
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Olinda
P.C.S. Santiago
Tower
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;-East Orange County Feeder No. 2

i A-6 ’ Station 625 + 58

0C-40
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SOURCE WATER

COAGULATION

" +

0C-43 FLOCCULATION
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SEDIMENTATION

CM-10 *

FILTRATION

v

Reservoir
Influent FINISHED WATER
RESERVOIR
San Joaquin
Reservoir ¢

FINISHED WATER

Figure 60. Sampling and chlorination locations, Metropolitan
Water District of Southern California.s° {Adapted
from JOURNAL American Water Works Association,
Volume 73, No. 2 [February 1981) by permission.
Copyright 1981, the American Water Works Asso-
ciation.)

beyond the Diemer plant shown in Figure 60 were determined. These sampling
points were monitored as the point of chlorination was changed in three steps from
just after Lake Mathews (point 1, Figure 60) to the filtered water at the Diemer plant
(point 4, Figure 60).

Interpretation of the data from this study is complicated by two factors: (1) the two
controls, 23 days apart, produced different THM concentrations at the respective
sampling points, and (2) chlorine contact times before each sampling point are
different for each of the experimental runs, although for this water, THM concen-
trations reach their maximum concentration in contact times shorter than those
experienced during any of the experiments. These factors make comparison of the
resulting TTHM data difficult. For this analysis of the data (Table 30), sample point
CM-10 was selected, the InstTHM concentrations were assumed to have reached
maximum (TermTHM) concentrations, and the control data for 2/8/78 were
considered to be correct for comparison with experimental runs 2-4. With these
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TABLE 30. REMOVAL OF TRIHALOMETHANE PRECURSORS BY THE R.B. DIEMER FILTRATION
PLANT IN THE METROPOLITAN WATER DISTRICT OF SOUTHERN CALIFORNIA®0 *

. Free
Chilorination Cl, ' Term Percent
point on  Contact time, residual, ‘TermTrihalomethanes,{ pg/L TTHM, TermTTHM

Date Figure 60 hr mg/L CHCI, CHBrCl, CHBr,Cl CHBr, ug/L removali:
1/16/78 1§ 19.6 0.8 6 12 10 <1 28+ —_
1/24/78 2 13.2 0.4 9. 15 12 4 40 20
1/27/78 3 107 . 0.6 11 12 10 <2 33+ 33
2/1/78 4 10.0 0.6 8 14 13 6 41 18

- -2/8/78 1§ 18.7 0.9 15 19 13 3 50 o=

*All data are from sampling point CM-10, Figure 60.
‘tAssumed to be TermTHM concentrations.

{Based on 2/8/78 data.

§Control.
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assumptions, moving the point of chlorination was determined to resultina 20 to 33
percent reduction in TTHM concentrations caused by equivalent removals of
precursors in the Diemer plant.

Different assumptions, however, lead to opposite interpretations. For example,
selection of the 1/16/78 data for control purposes leads to the conclusion that
TTHM’s increased as a result of treatment. This demonstrates the difficulty of
controlling experiments in real plant situations. Indeed, the investigators of
MWDSC concluded that the Diemer plant did -not remove precursors and that the
change in chlorine application point had no effect on formation of trihalomethanes.

New Orleans, LA, and Evansville, IN, Results—Although control of finished water
TermTHM concentrations by removal of precursor during clarification was not the
major objectlve of studies at these two locations, data on the change in TermTHM
concentrations through the treatment plant were collected.®>®' These data (Table 31)
show that 40 percent of the trihalomethane precursors were removed by sedimen-
tation in New Orleans, LA, and 31 percent by the entire treatment plant in
Evansville, IN.

TABLE 31. PRECURSOR REMOVAL BY COAGULATION/SEDIMEN-
TATION AT TWO FULL-SCALE TREATMENT PLANTS

Mean
Mean fraction
fraction of  converted :
precursor to InstTHM, Number of
Location removed’ C/(C + A)* tests Reference
New Orfeans, LA B/(A + B + C)* ‘
0.40 0.28 2 81
Evansville, IN B‘/(A +B + C)*
0.31 . 0.54 12 63
*Figure 565.

Three studies focused almost exclusively on the impact of moving the point of
chlorination on finished water InstTHM and TermTHM concentrations rather than
on the removal of precursor by clarification. Because their results are closely related
to those previously reported in this subsection, they are reported in the following
three subsections.

USEPA In-house Results—USEPA pilot plant studies where chlorine was
applied continuously at various points within the treatment train demonstrated the
importance of the point of chlorination in causing reduced trihalomethane
concentrations in treated water. In-one series of experiments, river water was
chlorinated (Figure 61, point 1) then held for 2 days to simulate off-stream storage.
The water then received either alum or ferric sulfate coagulation, flocculation,
sedimentation, and filtration through dual media. A finished water sample was
collected and stored for 2 days at 25°C (77°F) before analysis for chloroform. The
source water chlorine dose (10 mg/L) was sufficient to maintain a free chlorine
residual in the finished water sample for the 2-day contact time.

After 3 days of operation in this mode of treatment, the point of chlorination was
moved to the rapid mix, just before the coagulation/flocculation basin (Figure 61,
point 2). In the next phase of the study, chlorine was added to the settled water
(Figure 61, point 3) to determine whether or not coagulation and precipitation in the
settling basin would further reduce the precursor concentration. In the final phase of
the study, filtered water (Figure 61, point 4) was chlorinated to determine whether or
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Figure 61. Chloroform in distributed water relative to point of
chlorination {pilot plant studies).

not the additional clarification during filtration would further influence the trihalo-
methane precursor concentration. The last three phases of the study were conducted
using ferric sulfate as a coagulant in one case and alum as the coagulantin the other.
In each case, the filtered water was stored in bottles at 25°C (77°F) for 2 days to
simulate reaching point 5 (Figure 61). This step allowed a comparison of the chloro-
form concentration theoretically reaching the consumer (TermCHCIs) for the four
treatment approaches. Note that routine monitoring of the Ohio River during this
period indicated that the TermTHM concentration in the source water did not
change significantly during this experiment.

Because a2 TermCHC]; concentration was not determined on the actual source
water used in this study, the influence of clarification during source water
chlorination could not be evaluated; however, the data in Figure 61 do show that if
the terminal chloroform concentration during the study of chlorination at point 1 is
taken as unity, the removal of chloroform precursor during plain sedimentation,
coagulation, and filtration is apparent. This removal is evidenced by the
proportionately lower concentration of terminal chloroform resulting when the
point of chlorine application was moved from the raw water to the rapid mix (25
percent decline), then to the settled water (40 percent decline), and finally to the
filtered water (50 percent decline). Also shown in Figure 61 is the improved
cffectiveness of ferric sulfate, as opposed to alum, as a coagulant (at least in this
water).

The improved effectiveness of ferric sulfate as a coagulant isshown in the last three
bars in Figure 61. The differences in the two sets of data occur because, even when
chlorine was added at the rapid mix, precursor began to settle in the settling basin
and was removed from intimate contact with the free chlorine. Thus even when water
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is chlorinated at the rapid mix (and all other conditions are equal), a better coagulant
will produce a lower terminal chloroform concentration because the separation of
chlorine and precursor in the sedimentation basin is hastened.

. Cincinnati, OH, Results—The early USEPA experimental results presented in the
preceding subsection encouraged the water utility personnel of Cincinnati, OH, to
attempt to lower the trihalomethane content in their finished water by moving the
point of chlorination from the source water to the clarified water.”** Figure 62 is a
schematic diagram of the Cincinnati Water Works. The water is pumped from the
Ohio River into two large uncovered reservoirs and retained for approximately 2
days. For several years before this study, the practice had been to add alum to the
water going to these reservoirs, along with sufficient chlorine to carry a free residual
through the reservoirs, the treatment plant, and the extremities of the distribution
system. In mid-July 1975, the point of chlorination was moved from point A to the
headworks of the treatment plant (point B, Figure 62). The coagulant (added to the
source water) entering the off-stream storage reservoirs (point A) at the time of the
study reduced the source water turbidity from approximately 11 to 2 ntu as the water
entered the treatment plant.

A sharp ‘decline in tap water chloroform concentration was measured in the
distribution system following the movement of chlorine application from point A to
point B in mid-July (Figure 63). This decline is attributed to the change in

.

Ohio River INTAKE L —
\
PUMPING
STATION
POINT A | COAGULANT
OFF-STREAM STORAGE RESERVOIRS
(RETENTION TIME, TWO DAYS)
RAPID MIX COAGULANT & OTHER
e , TREATMENT
POINT B ¥ CHEMICALS
FLOCGULATION,
SETTLING
v WATER
FILTERS — TREATMENT
- PLANT
© (PowTC > o
CLEARWELL
, R

DISTRI BUTION SYSTEM

Figure 62. Schematic diagram of Cincinnati Water Works (OH).38
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chlorination practice. To determine whether or not changes in the source water had
occurred during this time period to account for this decline in chloroform concen-
tration, THMFP determinations were made on the source water at various times
during the test period (the recommended control procedure). Although these data
are somewhat scattered, they do indicate that the decline in the distributed water
chloroform concentration was not caused by a change in the precursor content of the
raw river water. ]

Note that in this case, the ratio of InstTHM to TermTHM in the storage reservoir
effiuent [the C/(C + A) fraction as shown in Figure 55] was 0.63. Unfortunately, the
precursor removal in these off-stream storage reservoirs[the B/(A+B+C) fraction]
was not obtained during this study; but a few days before the change, the
TermCHCI; concentration was 260 ug/L in the river and 210 ug/L in the finished
water, indicating a 19-percent reduction by the entire treatment process. Note that
most of this removal occurred in the storage reservoirs (Table 28). Note also that
although a sharp decline in distributed water chloroform concentration occurred, a
similar decline in the concentration of the bromine-containing trihalomethanes did
not. The reason, as noted previously, is that these materials are formed faster than
chloroform and therefore will be formed first from any precursor that remains.

Durham, NC, Results—Young and Singer investigated the . removal of
trihalomethane precursor at thé Durham, NC, Water Treatment Plant.®* On
September 7, 1976, they determined that the chloroform concentration in the source
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water, Lake Michie, was about 110 ug/L after 2.5 hours of contact with free chlorine.
They sampled the clearwell at the water treatment plant 10.35 hours after chlorine
was added at the rapid mix on October 16, 1978, and obtained an InstCHCl;

concentration of 100 ug/ L. Because terminal concentrations were not determined on -
the source and filtered water, the removal of precursor by the treatment plant could -

not be calculated. :

In early January 1977, source water chlorination was stopped, and chlorine was
added to the settling basin effluent just before dual-media filtration, 6,25 hours
before the sampling point. Before the change, the InstCHCI; concentrations in the
finished water were about 125 ug/L; immediately after the change, they declined to .
751090 ug/L. Because TermCHCI; concentrations were not determined, the decline-

in the TermTHM concentrations, if any, could not be calculated. A 28- to 40-percent '
reduction in InstCHCI; concentration in the clearwell (a benefit to consumers near -

the plant) did occur, however.

Precipitative Softening—Daytona Beach, FL, Results—Another example of the .,

use of clarification for the removal of precursor was a USEPA sponsored study at a-
softening plant in Daytona Beach, FL.***¢ Figure 64 is a schematic diagram .of the
Daytona Beach Water Treatment Plant and shows the two alternative points of
application of chlorine during the first two of three modifications. In this system,

analyses for InstTHM and TermTHM concentrations were performed on the source -

water and several hours after filtration (sample point 5).

SUPPLY
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SAMPLE ; - ci, #1
POINT ,
No.2 UPFLOW CLARIFIER-
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" Figure 64. - Flow diagram of the Ralph F. Brennan Watér Plant,
C " Daytona Beach (FL).8s:88 - -« S
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Normal practice consisted of addition of lime and coagulant aid to the upflow
softener/clarifier (90-min detention)-to increase the pH to about 9.4, followed by
recarbonation (when necessary), filtration, and storage in the clearwell. For the third
modification of this study, alum (20 to 30 mg/L) was also added at thesame pointas
the lime, and chlorine was added at the clearwell. The TermTHM samples were
stored for 2 days at pH 7.2 to 9.6 and a temperature of 25°C (77°F). The large
variation in pH makes complete interpretation of the TermTHM data difficult.

During the three treatment modifications, the ‘mean TermTHM concentration of
the raw water only changed from minus 7 percent to plus 10 percent.of the value
measured during routine operation (Figure 65). Comparison of the TermTHM
concentration in the source water with that in the finished water revealed a 41-
percent decline caused by the precipitative softening and filtration processes.
Moving the chlorination point to the recarbonation basin resulted in virtually no
change in the percent of source water TermTHM present at sample point 5 (59
percent versus 63 percent). Chlorinating the filtered water did, however, cause a
substantial change: Sufficient precursor was removed by filtration to cause an

CONTROL
pcd
g3 ‘ *Percent of Control S
) =] InstTTHM 5
—3‘5"; [ THMFP £3%5¢
— [C+7 TermTTHM 3285
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Figure 65. Influence of three treatment modifications to re-
move trihalomethane precursors at Daytona Beach,
FL. THMFP conditions: pH 9.0; 20°C (68°F); storage
time, 2 days.85:86 )
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additional 16 percent drop in the TermTHM concentration remaining in the finished
water. Finally, the addition of alum to the clarifier did not improve the treatment
significantly (a 4-percent decrease in source water TermTHM concentration was
found in the filtered water). Note that a 33-percent decline in InstTHM
concentrations occurred during the second and third modifications (a benefit to con-
sumers near the treatment plant).

In this study, TermTHM concentrations were not measured at the intermedidte
treatment points, so calculations of the fractions C/(C + A) and B/(A + B + C)
(Figure 55) could not be made. But because the high pH (9.3 t0'9.5) would increase
the formation rate of trihalomethanes, a rather high fraction of source water
THMFP would be expected to be converted to InstTHM through the treatment
plant [C/(C + A), Figure 55].

Jefferson Parish, LA, and Miami, FL, Results—Although precursor removal by
clarification was not the primary objective at these locations, these USEPA
sponsored projects evaluated the precipitative softening unit process. 1457 As was the
case in Daytona Beach, these data (Table 32) show the removal of precursor by lime
softening in spite of the higher operational pH for this unit process.

TABLE 32. PRECURSOR REMOVAL BY SOFTENING UNITPROCESSES
AT TWO FULL-SCALE SOFTENING PLANTS

Mean Fraction
fraction converted
precursor to
removal, instTHM, Number
Location B/(A+B +C)* C/(C + A)* of tests Reference
Jefferson Parish, 0.16 0.02% 3. 14
LA
Jefferson Parish, 0.25 0.04% L3 14
LA
Miami, FL 0.29 0.01% 4 . 87
’Flgure 55

d chlorine residual maintained through plant; therefore fraction is low.
:cmorina first added to settling basin effluent; therefore fraction is low.

Direct Filtration—USEPA In-house Study—The primary .objective of this in-
house research performed at the USEPA pilot plant facility was to demonstrate the
feasibility of direct filtration for the removal of humic substances from water
supplies, including their associated total THMFP.® In this research, a gravel pit
water spiked with humic acid and an algae-laden lake water were used in direct
filtration pilot plant studies in which a cationic polyelectrolyte was used as the

- primary coagulant. Characteristics of the surface waters used are shown in Table 33.

Filtration performance was evaluated using classic measures of color, turbidity, and
head loss, development In addition, the removal of trihalomethane precursors was
evaluated by measuring the THMFP in the raw and filtered waters.

The humic material used in this study was extracted from Michigan peat by
soaking it in 0.IN NaOH for 24 hours and recovering it by using the procedure of
Hall and Packham.” The formation of trihalomethanes from this humic material
was evaluated by chlorinating three different solutions with dry-weight humic
material concentrations of 2.5, 5, and 8 mg/ L, measured as weight on evaporation to
dryness. This chlorination was performed in buffered, distilled water using NaHCO;
(12 umol/L) so that the pH remained approximately constant (8.0 to 8.1). The
chloroform yield of 1.3 percent, based on organic carbon (TOC), agreed with the
yields generally reported in the literature for humic acid.'*”**°
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TABLE 33. WATER QUALITY CHARACTERISTICS OF GRAVEL PIT

WATERS AND STONELICK LAKE WATER

Water quality Unspiked gravel Spiked humic acid- Stonelick
parameter pit water* gravel pit water Lake water}
pH 8.2 8.2 8.0
Turbidity, ntu 1.5 4.0 25
Alkalinity, mg/L as CaCO, 129 ‘NM§ 67
Hardness, mg/L as CaCO, 133 NM 110
TOC, mg/L 5.4 6.9 - 7.3
Suspended solids, mg/L} NM NM 11.2
Apparent color, ' -

* Pt-Co units NM 100 340
*Collected 5/18/78.

{Collected 7/11/78.

$Measured 7/28/78.

§Not measured.

The humic material, about 3.3 mg/ L by weight, was added to the grave! pit water

" for use in the direct filtration pilot plant studies. The gravel pit water was used in this

study because it was a low-turbidity water. The unspiked gravel pit water contained

‘5.4 mgfL of TOC and had a 5S-day THMFP concentration of approximately 190
pg/L at pH 8.3 and 25°C (77°F) (Figure 66).

600 | T T T |
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Figure 66. TTHM formation curvesfor unspiked gravel pit water
and spiked humic acid-gravel pitwater. pH 8.3; 25°C | |
(77°F)ee :

- Jar tests were used to screen cationic polyelectrolytes and to select the dose to be
used in direct filtration. The jar tests studied the gravel pit water containing humic
materials at approximately the same concentration as was ultimately used in the
direct filtration pilot plant studies. Based on the jar test results for pH 6, a dose of 6
mg/ L of polyelectrolyte Betz® 1190* was selected as the optimum for.destabilization
(Figure 67). This dose was used in the direct filtration tests, and the results demon-

eManufactured by Betz Laboratories, Trevose, PA 19047,
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Figure 67. Turbidity and color jar test data for humic acid using
) Betz® 1190. 5 mg/L humic acid added to gravel pit
water; souree water color 100 Pt-Co units, pH 6.0;

turbidity 1.0 ntu.88 .

strated that jar tests can be used to choose coagularit dosages, even when cationic
polymer is the primary coagulant. The cationic polymer selected showed a

+ stoichiometric relationship with respect to doses required to coagulate various

concentrations. of humic material (Figure 68).

- - The pilot plant studies using gravel pit water spiked with humic acid demonstrafed
-that direct filtration was effective for turbidity removal (F igure 69). All THMFP

analyses were performed at pH 8.3 and 25°C (77°F). The spiked source water had a

- THMFP concentration of 400 .to 470 ug/L; however, as previously noted,

approximately 200 ug/L of this was caused by organic compounds that were
originally present in the gravel pit water.

Section VIl. Treatment Technigues to Remove Trihalomethane Precursors. 111

DIM0282270



DIM0282148

160 | l |

Initial Humic Acid Conc
140 — 0O 2.5 mg/L —
© 5.0 mg/L Dry Weight
® 10.0mg/L

120 —

8
A

TRUE COLOR, Pt-Co scale

o 8 12 16 20 24 28
POLYMER DOSE, mg/L

Figure 68. Stoichiometry of coagulation of humic acid with
Betz® 1190. Humic acid added to gravel pit water;
pH 6.0.88 ’

The results of direct filtration runs at pH 6 showed that the THMFP
concentration could be reduced to approximately 200 pg/ L—the background level
of the gravel pit water (Figure 70)—thus demonstrating that humic acid precursors
could be removed by direct filtration. As a control, unspiked gravel pit water was
filtered at pH 6. In this case, only an average of 9 percent of the trihalomethane
precursor material was removed throughout the run, indicating that these materials
were very different in character from the spiked humic materials. Furthermore, other
tests showed that based on TOC, the chloroform yield of the unspiked gravel pit
water was 0.3 percent, again indicating the difference between those precursors and
those in the humic materials used for spiking. Finally, the effluent from the filtration
test (Figure 70) was evaluated for chloroform yield as a method of organic character-
ization. Samples collected at 90 minutes.and 6 and 10 hours into the filtration test
averaged a chloroform yield of 0.4 percent on a TOC basis after 5 days at pH 8.3.
Thus the trihalomethane precursors that were not removed in this test were likely to
be the same materials that were in the unspiked water. Other treatment processes
would therefore be required to remove the organics originally present in the gravel
pit water. Note that the data in Figure 71 (page 115) show that better color and
THMFP removal occurred at pH 6, in contrast to pH 8.3.
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Figure 69. Turbidity and head loss data for spiked humic acid-
.gravel pit-water. Pilot plant operated at pH 6.0;
source water turbidity 3.8-4 ntu.88

In another phase of the research, water was collected from Stonelick Lake and was
used in a brief direct filtration study. This water was selected because of its high
apparent color (340 Pt-Co units) and relatively high turbidity (25 ntu). In addition,
the trihalomethane preciirsors in this water represented another type of natural
organic material. The organic precursors were-assumed to be autochthonous (i.e.,
produced within the lake from algal activity or from aquatic plants in the littoral
zone of the lake). The THMFP for a 5-day contact period at pH 8.3 was 634 ug/L.

- Direct filtration using Betz® 1190 as a primary coagulant was effective in terms of
color and turbidity removal: Effluent turbidity was generally less than 0.4 ntu, and
effluent color was less than 15 units (Pt-Co). Polymer doses required for direct
filtration were high because of the high color and turbidity of the raw water. The
THMFP data showed-that some reduction of the precursors could be achieved by
direct filtration (33 to 55 percent reduction in the 5-day THMFP), but the filter
effluent THMFP’s were still high (Figure 72, page 116). ‘ ‘ '

East Bay Municipal Utility District Results—Carns and Stinson investigated
direct filtration. following alum coagulation and flocculation at the Walnut Creek
Filter Plant of the East Bay Municipal Utility District.” In this study, chlorinated
water from the Pardee Reservoir arrived at the filter plant containing both Inst THM
as well as THMFP. Two test situations were compared with the routine operation.
At this plant, alum (17 pg/ L) dnd chlorine are added at the rapid mix, and lime (6]
mg/L) is added after the filters. The two test conditions varied from the routiné
operation by: 1) moving chlorination from the rapid mix to after the filters and, 2)
reducing chlorine dose at Pardee Reservoir and chlorination after the filters.
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Figure 70. Apparent color and THMFP data for spiked humic
acid-gravel pit water. Pilot plant operated at pH 6.0;
source water color 85 Pt-Co units. THMFP condi-
tions: pH 8.3; 25°C (77°F); storage time, 6 days.%®

In this case, during routine operation, the fraction of decline of TermTHM
concentration, B’/(A + B + C), was 0.13 during direct filtration. Furthermore the

fraction of the THMFP unremoved by direct filtration that was converted to

InstTHM during flocculation and direct filtration was 0.25. The data in Table 34
(page 117) show that little change in TermTHM concentration occurred when the
chlorination point was moved to after the filter. Also, little effect of change to the
“Test 2" conditions was observed. Similarly, in this case, the finished water InstTHM
concentration did not decline during either of the test conditions.

Los Angeles, CA, Results—McBride of the Los Angeles Department. of Water
and Power reported on a pilot plant study in which the 1-hour TermCHCI;
concentration in the source water was compared with the same value after direct
filtration.?® In this case, the TermCHCI; concentration after 60 minutes was 19 ug/L
in the source water, and 10 ug/L after direct filtration. This 47-percent decline in
TermCHCI; thus indicates removal of chloroform precursors during clarification.

Bridgeport, CT, Results—To determine the best technique for treating water in
Bridgeport, CT, the Bridgeport Hydraulic Company studied various pilot plant
arrangements.”’ Two runs were made with each of these configurations, and the
resulting mean TermTHM concentration, turbidity, and color in the finished water

were determined (Table 35, page 118). These data show the benefits of precursor.

removal before disinfection. Compared with the other data. presented in this
subsection, these removals were high.
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Figure 71. Apparent color and THMFP data for spiked humic
© ' - - acid-gravel pit'water. Pilot plant operated at pH con-
' -ditions indicated; 'source water color 50-100 Pt-Co
units; hydraulic loading, 12 m/hr (5 gpm/ft3).
THMFP conditions: pH 8.3; 25°C (77°F); storage

time, 4 days.®®

Dlscusswn—

- Data from 28 different studles discussed in this subsection have demonstrated the
potential for -removing trihalomethane precursors by clarification. Because
precursors are not’ defined organic chemicals, but-a mixture of compounds that
varies’ from’location ‘to location, the potential for removing these materials by
clarification also varies from location to location.

Table 36 (page 119) summarizes the data on trihalomethane precursor removal
from all the studies presented in this subsection. Although expérimental design
problems or incomplete data reporting made some interpretations difficult, for 24 of
the 28 studies, calculations could be made indicating the effectiveness of the clarifica-
tion process. Trihalomethane precursor removals varied from 16 to 51 percent for
coagulation/sedimentation plants, from 16 to 41 percent for precipitative softening
plants, and from 13 to 100 percent for direct filtration plants. In each case, these
removals quantify the decline in TermTHM concentrations that could be attributed
to the presence of a given treatment plant or unit process. If the water had not been so
treated, consumers would have ‘had higher trlhalomethane concentratlons m thelr
drinking water.

Because clarification' processes -can remove trihalomethane precursors, -the
possibility exists for lowering trihalomethane concentrations even further by

chlorinating after the clarification processes. By determining the concentrations of

<
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Figure 72. Apparent color and THMFP data for Stonelick Lake
water. Pilot plant operated at pH 6.0, filter 4, polymer
dose of 17.9 mg/L; filter 6, polymer dose indicated
between arrows; source water color 225 Pt-Co
units; hydraulic loading 5 m/hr (2 gpm/ft2). THMFP
conditions: pH 8.3; 26°C (77°F); storage time, 5 days.8

TermTHM and InstTHM and calculating the THMFP at various points in a
treatment plant, predictions for the potential success of lowering trihalomethane
concentrations by moving the point of chlorination in that location can be made. The
chance of success is enhanced if the fraction of TermTHM removed in the
clarification or precipitative softening step and the fraction of precursor converted to
InstTHM through the unit process is high. Under such circumstances, the
TermTHM concentrations in the finished water are likely to be lowered if the
chlorination point is located after the unit process under study. In nine of the 28
studies reported in Table 36, the fraction C/(C + A) from Figure 55 could be
calculated and compared with the observed change in TermTHM concentration
when the chlorination point was moved. In the seven of those nine cases where source
water was chlorinated to produce a free residual, this fraction ranged from 0.05 to
0.63. Only when C/(C + A) was 0.63 did a significant decline in finished water
TermTHM occur when the chlorination point was moved. This result verifies that
this fraction must be high through a unit process to lower TermTHM concentrations
successfully when chlorination is moved to a point after that unit process.
Unfortunately, insufficient data are available to make a numerical judgment about
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TABLE 34. REMOVAL OF TRIHALOMETHANE PRECURSORS BY COAGULATION AND DIRECT
FILTRATION AT THE WALNUT CREEK PLANT OF THE EAST BAY MUNICIPAL UTILITY DISTRICTS5

Source water from Pardee Reservoir ’ Clearwell water
Cl, residual, InstTHM, THMFP,* TermTHM* InstTHM, THMFP,* TermTHM.,*
Test mg/L ug/L ug/L ng/L ng/L ug/L ug/L
Control 0.21 84 63 147 95 33 128
Test 1 0.21 95 52 147 93 35 128
Test 2% 0.14 84 65

149 94 16 110 .

*2 days, pH 9.2.
fFiltered water chlorination.

}Reduced chlorination at Pardee Reservoir and filtered water chlorination.
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TABLE 35. INFLUENCE OF VARIOUS CLARIFICATION TECHNIQUES
ON TRIHALOMETHANE PRECURSOR REMOVAL AT
BRIDGEPORT, CT®

Percerit removal

Mean
Treatment TermTHM* Turbidity Color
Chlorine, lime, '
fluoride, Virchem® (control) 0 0 21
Direct filtration, post-chlorination:
Run 1 36 86 89
Run 2 54 88 93
Conventional treatment,’
post-chlorination:
Run 1 54 86 89
Run 2 54 88 94
0,/diatomaceous earth filtration, :
post-chlorination: ’
Run 1 64 87 81

Run 2 . 73 - 75 80

*Storapgs conditions not specified.

the size of the fraction C/(C + A) needed to lowér TermTHM concentrations’

following a chlorination move. This is also true regarding the fraction B/(A+B+C)

or B/(A+ B+ CQC).

Also, if the rate of formation of trihalomethanes is favorable ina specific locatnon, "

shortening the time elapsed between chlorination and the finished water by moving
the chlorination point downstream in the treatment plant will probably lower the
InstTHM concentration in the finished water, thereby benefiting consumers (espe-
cially those near the treatment plant) (Figure 56). As shown in Table 36, 10 locations
attempted to control trihalomethane concentrations by moving the chlorination

point, Seven produced a positive reduction of 2 to 75 percent in finished water’

InstTHM concentration.

As noted in Section V, studies such as these should involve sufﬁcxent samples to '

monitor changes in source water precursor concentrations and to ensure that
apparent changes in precursor concentration cahnot be attributed to analytic

imprecision. Composite sampling may also prove to be beneficial toward this end. .

Although some of the 28 studies discussed may have been based on fewér samples:
than desirable, taken together they demonstrate well the partial removalof precursor

by clarification. Additionally, the studies described were generally performed overa
short time. Studies should be performed 'over at least a 1-year period to determine

seasonal effects on precursor concentration, nature of the precursor, and effects of
seasonally varying reaction conditions (if not held constant) on the results observed.

Finally, if precursor is removed by clarification or precipitative softening,
bromine-containing trihalomethane concentrations will be influenced less than the
chloroform concentration. The reason is that chlorine reacts quickly with any
bromide present in the water to produce active bromine species that effectively

compete for whatever precursor remains after treatment. This effect will be most -

pronounced early in the chlorine/ precursor reaction, declining as time passes and
more chloroform is formed, until precursor is exhausted.

Note that for several of the 10 utilities that moved the point of chlorination i inan °

attempt to lower trihalomethane concentrations (Table 36), data on the resulting
bacteriologic quality of the finished water were also collected. Where available,
these data will be discussed in Section IX.

118 Treatment Techniques for Controlling Trihalomethanes in Drinking Water
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TABLE 36. SUMMARY OF DATA ON REMOVAL OF TRIHALOMETHANE PRECURSORS BY CLARIFICATION

Influence of. moving
-chlorination to later

+ Percent _* pointin treatmenttrain
TermTHM . - 'Percent
Treatment reduction Percent increased*
and during  Fraction .InstTHM TermTHM :
location . clarification C/(C + A){ reduction.. reduction: Remarks ° ‘Reference .
Coagulation and settling, and - :
coagulation-settling-filtration: ) )
Huntington, WV 292 i § § ®Fraction B*/(A + B + C) from Figure 55 18
Fox Chapel, PA . 49 i - § - § " ®Fraction B’/(A + B + C) from Figure 55 18 -
Wilkinsburg-Pennsylvania i ‘ -
Joint Water Authority, PA 38° 1 § § ®Fraction B'/(A + B + C) from Figure 55 18
Evansville, IN 362 i § § ®Fraction B'/(A + B + C) from Figure 55 18
Pittsburgh, PA 38° i § § ®Fraction B’/(A + B + C) from Figure 55 18
Western Pennsylvania Water o
Co., Hays Mine Plant, PA 352 1 § §- “Fraction B'/(A + B + C) from Figure 55 .18
Beaver Falls, PA 338 1 § § *Fraction B’/(A + B + C) from Figure 55 18
Wheeling, WV 30° b § § ®Fraction B’/(A + B + C) from Figure 55 18
Cincinnati, OH 518 i § § #Fraction B'/(A + B + C) from Figure 55 .18
Louisville, KY 282 -} § § #Fraction B’ /(A + B + C) from Figure 55 18
Cincinnati, OH >338 0.26 39b.c ob #Fraction B'/(A + B + C) from Figure 55 18
. . BChlorine moved to settled water;
°May have been influenced by a sharp
decline in source water precursor
: during the study period ’
Pittsburgh, PA 262 - .0.05 - 540 ob #Fraction B’/(A'+ B+ C)-from Figure-55 18
bChiorine moved to settled water o :
Wheeling, WV 162 0.23 32b ob #Fraction B’/(A + B + C) from Figure 55 18
: BChlorine moved to settled water
_Contra Costa, CA i 1 23 to 37° i 2Chlorine moved to settled water 20
Bristol, RI - : 1 1 753.b b 5 2Chlorine moved to settled water - 66
k - bData assumed to be InstTHM concentrations
Continued
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TABLE 36. (Continued)

Influence of moving
chlorination to later

Percent pointin treatment train
TermTHM Percent
Treatment reduction Percent increased*
and during Fraction InstTHM TermTHM
location clarification C/(C + A}t reduction reduction Remarks Reference
Metropolitan Water District
of Southern California 20° b 3 i ob 3Fraction B‘/(A + B + C) from Figure 55 80
bChlorine moved to filtered water
New Orleans, LA 40° 0.28 8Fraction B/(A + B + C) from Figure 55 81
Evansville, IN 31° 0.54 8Fraction B’/(A + B + C) from Figure 55 63
USEPA Pilot Plant b 4 i i 40° aChlorine moved to settled water
Cincinnati, OH 198 0.63 i 86° 8Fraction B’/(A + B + C) from Figure 55 82, 83
' bCHCI, only; chlorine moved to off-stream '
N reservoir effluent
Durhami, NC i . i 28 to 302 k5 3Chlorine moved to settled water 84
Precipitative softening: ; - :
Daytona Beach, FL 412 I 10b, 33¢.d Ob, 23¢.4 3Fraction B'/(A + B + C) from Figure 55 85, 86
bChlorine moved to settled water
cChlorine moved to filtered water -
%Varying pH storage conditions influenced
: resuits
Jefferson Parish, LA 1610 25 0.02 t0 0.04" § § 8Fraction B/(A + B + C) from Figure 55 14
bChioramine residual
Miami, FL 292 0.01b § § aFraction B/(A + B + C) from Figure 55 87
bChlorine routinely added to settled water
Direct Filtration:
USEPA Pilot Plant 35 to 100%° i § § 2Spiked water reduced to starting concentration 88
bFraction B’/(A + B + C) from Figure 55
East Bay MUD, CA 132 0.25 2b ob afraction B’/{A + B + C) from Figure 55 55

Continued

bChlorine moved to filtered water
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TABLE 36. (Continued)

» Influence of moving
- ) chlorination to later

Percent pointin treatment train
S TermTHM Percent
Treatment reduction Percent increased*
and during Fraction InstTHM TermTHM
location clarification C/{C + A}t reduction reduction v Remarks _ Reference
Los Angeles, CA 47" i § § a Fraction B'/(A + B + C) from Figure 55 90
Bridgeport, CT 36 to 54° Tt § § 8 Fraction B’/(A + B + C) from Figure 55 91
| pared with reduction that.occurred with routine opseration.
tFrom Figure 55.
$Unknown,
§Not attempted.
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Control of Precursors at the Source

General Considerations—

When possible, water utilities should examine the quality of their source water to
determine whether or not operational changes could be made to improve the quality
and thereby lower the concentration of trihalomethane precursors. Some examples
of this technique will be given in the following subsections. ’ B

Experimental Results—

Selective Withdrawal from Reservoirs—Barnett and Trussell reported on the
experiences of the Casitas Municipal Water District.’ This water district uses Lake
Casitas as its source, with a maximum depth at the intake of 59 m (194 ft) and a
volume of 308 X 10° m® (254,000 acre-ft). Water can be withdrawn from the lake
through any one of nine hydraulically operated intake gates that are separated by
depth intervals of 7.3 m (24 ft). During the period August 1977 to March 1978, the
organic content of the lake waters was measured at the surface and at 23, 46, and 58
m (75, 150, and 191 ft). Samples were analyzed for TOC concentrations and 100-
hour THMFP; temperature and pH were not reported. Analyses completed during
that period indicate that both concentrations for TOC and total THMFP at a given
depth in the lake vary significantly from timé to time during the year. Severalfactors
have been identified that appear to influence these concentrations. These are
summarized as follows:

1. Natural conditions that cause thermal and dissolved oxygen stratification and
turnover of the lake. Data collected during January and February 1977 indicate that
upwelling of a very small zone of anaerobic water during turnover caused a major
increase in total organic content of the source water. A TOC concentration of 9.3
mg/L was found during this period—a higher concentration than occurred
previously. ,

2. The Lake Casitas aeration system that is in operation during the period April to
October of each year. This system significantly influences thermal and dissolved
oxygen stratification patterns. ' '

3. Algal blooms. _ L

4. Unusually large quantities of inflow to the lake from the Casitas watershed,
resulting in inundation of areas that have not been previously covered by water.

Figure 73 illustrates the importance of these factors. The organic profile collected
on August 25, 1977, showed that (at least in this case) significantly lower concen-
trations of trihalomethane precursors existed in the zone of the lake from a depth of
30 to 50 m (100 to 165 ft). Water drawn from this zone would be expected to have
considerably lower TermTHM concentrations upon chlorination than if source
water had been drawn from other levels in the lake. This experience illustrates a
practical technique that a water utility may have at its disposal for controlling
trihalomethane precursors in their source water.

Plankton Control—Recently, investigators have been studying the possibility that
algae (either themselves or their extracellular products) can act as trihalomethane
precursors, Experiments in 1976 and 1977 showed that constituents of both centri-
fuged cells and the noncentrifugeable extracellular products from a culture of the
blue-green algae Anabaena flos-aquae and the green algae Panadorina morum
served as trihalomethane precursors when these materials were chlorinated
(Unpublished report. R. Daum, USEPA, Cincinnati, OH, 1979). Later, Hoehnet al.
conducted a laboratory study of the trihalomethane yield capacity (a version of
THMFP) of algal-produced organic carb_con.93 This study was undertaken after a
possible causal relationship was observed in 1975 between the trihalomethane
concentrations in the finished water of the Fairfax County Water Authority and
chlorophyll-a concentrations in the source water for that utility. From this study, the
authors concluded: . :
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Figure 73. . Lake Casitas organic profile, August.25, 1977, .
.. - Casitas Municipal Water District-(CA).92 (Adapted-
. from JOURNAL American Water Works Association,
Volume 70, No. 11 [November 1978] by permission.
‘Copyright 1978, the American Water Works Asso-
ciation).

" 1. Both green algae and. b.lue-gre.en‘algae produce extracellular products that upon

chlorination yield at least as much chloroform per unit of organic carbon as has been
reported from chlorination of humic and fulvic acids.
2. The algal extracellular products generally produce greater yields of chloroform

“from the available TOC than does the algal biomass.

3. Though not yet fully confirmed, indications are that high-yielding

_trihalomethane precursors are liberated from algae in greater abundance near the
end of the exponential phase of growth than at any other time during their life cycle.

" 4, Data collected durmg 1976 and 1977 do not confirm the apparent causal
relationship observed in 1975 between finished water trihalomethane concentratlons
and reservmr chlorophyll-a concentratlons

Finally, work by Briley et al conflrmed that high concentratxons of
trihalomethane are produced from algal biomass and algal metabolites.” They also

‘found ‘that’ both ‘algae and extracellular products derived from algae growth

produced. trihalomethane concentrations that are comparable to ylelds observed
from humic and fulvic'acids. In contrast to the work of Hoehn et al.,” Briley et al.**
suggest that maximum ‘levels of trihalomethanes appear to be produced during the
¢ntire exponential growth phase of Anabaena.

The 51gmf1cance of these results is that a reduction of trihalomethane concen-
tratioris may’ be partially accomplished by controlling the natural phytoplankton
communities in the water source, particularly if source water chlorination is
practiced. Several techniques, the most popular of which is treatment with copper

-sulfate, are’ avallable for comrollmg algal populatlons in lake and reservoir waters

Prevemzon ‘of Salt- Water Intrusion—The data from Lange and Kawczynskishow
that in Contra Costa, CA, sea water intrusion during a drought caused the bromide

Section VII. Treatment Techniques to Remove Trihalomethane Precursors 123
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content of the source water to increase.?’ This increase in bromide content caused
consistently higher yields of trihalomethanes (Figure 5, Section III) and aggravated
attempts to control trihalomethanes because of the faster formation rates of
bromine-containing trihalomethanes. Although in this case the end of the drought
caused the source water quality to return to normal, water utility personnel faced.
with a continually increasing sea water intrusion problem might consider the
development of an underground fresh water barrier created by injection wells or
spreading basins as one technique to reduce the type and concentration of TTHM’s
in their chlorinated finished water.

Discussion—

Utility managers should carefully consider the potential for altering the quality of
their source water to lower trihalomethane precursor concentrations reaching the
treatment plant. Periodic determinations of source water trihalomethane precursor
concentrations (THMFP) may reveal control measures that could be taken to
minimize these concentrations. These measures may include control of algae,
prevention of salt water intrusion, or selected uses of alternative sources. When
alternative sources of water are considered, THMFP determinations should be
carried out over the range of conditions likely to be present in the distribution system
to verify conclusions drawn about effect of changes in source water quality on the
ultimate trihalomethane content of distributed water. . .

Aeration

General Considerations—

Because the primary trihalomethane precursors are now understood to be high-
molecular-weight humic and fulvic acids, aeration would not be expected to be
effective for precursor removal. Nevertheless, aeration was briefly evaluated in-
house by USEPA for reducing THMFP in Ohio River water.

Experimental Results—

With the use of the diffused-air aerator described in Section VI, Subsection
Acration (Experimental Results), river water was aerated at varying air/water
ratios, then chlorinated and stored at 25°C (77°F) for 2 days in sealed vessels. A
companion river water sample was chlorinated and stored under the same conditions
without being aerated. The data in Table 37 show the influence of aeration on
THMEFP to be insignificant (less than 10 percent), even at anair/water ratio of 20/ 1.
As shown earlier in Figure 52, the chloroform formation potential also remained in
an aerated tap water sample. :

Discussion—

As would be expected, this technique is not effective for trihalomethane precursor
removal.

Oxidation

General Considerations— ‘

Several oxidants have been investigated by USEPA and others to determine
whether or not they would be effective in oxidizing precursor material and thereby
reducing the trihalomethane concentration after chlorination. The oxidants.studied
were ozone, chlorine dioxide, potassium permanganate, ozone/ultra-violet
radiation, and hydrogen peroxide. - .

Two goals are desirable when these oxidants are applied: 1) the stated objective of
lowering THMFP by chemically altering the precursor materials, and 2) complete
chemical oxidation of the precursors (to carbon dioxide) to eliminate the potential
problem of the presence after treatment of oxidation byproducts possibly more

124 Treatment Techniques for Controlling Trihalomethanes in Drinking Water
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TABLE 37. EFFECT OF AERATION {10-MINUTE CONTACT TIME)
ON REDUCING THMFP

Trihalomethanes, ug/L after 2-

.o . - Air/water day contact time at 25°C {77°F) TermTTHM,
Type of water "ratio (V/V). CHCI; CHBrCl, CHBr,Cl CHBr, ~ ug/L
Ohio River water — ' NF* NF NF NF NF
Ohio River water with ' :

13 mg/L CI, (control)

66 280 8.0 <0.1 102

Aeratedt Ohio River water 1:1 66 27.8 8.0 <0.1 102
Aerated Ohio River water 4:1 64 26.8 6.6 <0.1 97
Aerated Ohio River water 6:1 ~ 62 25.8 7.6 <0.1 95 -
Aerated Ohio River water 81 = 62 26.8 7.8 <0.1 97
Aerated Ohio Riverwater  10:1 - 59 256 . 7.7 <0.1 92

AeratedOhioRiverwater 20:1 © ' 61  26.0 8.0 <0.1 95

*None found.
fActivated-carbon-filtered air.

harmful than the trihalomethanes. As will be seen below, the first of these goals is
accomplished to some degree in some cases. The second goal is not usually
accomplished, which indicates that oxidation byproducts remain in the treated
water. Comparatively little is now known about the nature of these materials, but
this information can be found summarized later in Section VIII, Alternative
Disinfectants.

The results summarized below mainly indicate the potential of oxidation
techniques for achieving the goal of lowering THMFP.

Experimental Results—

Ozone—The USEPA in-house studies used the ozone contactor descnbed in
Section VI, Subsection Oxidation. In the continuous- flow studies, unchlorinated
Ohio River water was coagulated, settled, and filtered before ozonation. Three
different applied ozone doses were used at a constant 5- to 6-minute contact time.
Following ozonation, the samples were chlorinated and stored for 6 days at 25°C
(77°F).

Ozonating for a few minutes’ contact time with small dosages followed by
chlorination produced slightly more chloroform. and TTHM?’ than with
chlorination alone (Table 38). This means that the THMFP was not reduced by low-
level ozonation, and subsequent chlorination to produce a disinfectant residual in
the distribution system would result in trihalomethane production. The reason that
low-level ozonation plus chlorine produced more chloroform than chlorination
alone is not known, but the effect has been seen by others. Possibly because the ozone
satisfies some of the oxidant demand, more chlorine is available for the trihalo-
methane reaction. But because of the high chlorine dose used (8 mg/L), this
explanation does not seem likely, and a change in the organic precursors must be
assumed. The reduction in bromine-containing trihalomethanes is probably caused
by ox1dat10n of bromide to some nonreactive species,(possibly bromate) by the
ozone.’*?* The applied ozone dose of 227 mg/ L may have completely oxidized some
of the trihalomethane precursors, thereby reducing the chloroform formation
potential from 91 to 62 ug/L (32 percent), and the TermTTHM by 43 percent.

To observe the effect of longer contact times and generally higher ozone doses, the
ozone contactor was used as a batch reactor in a second test rather than a
continuous, countercurrent reactor, as in previous runs. The THMFP of Ohio River
water can be reduced by ozone (Figure 74), but the contact time is probably un-
realistic for water treatment (several hours). The ozone application rate for this
batch study was 43.5 mg O3/ minute dpplied to approximately 13 liters of river water,
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TABLE 38. EFFECT OF'OZQNATION ON THMFP*

Chlorine . o . e
Appliedt dose after Term  Percent
0, dose, O,treatment, Trihalomethanes, pg/L TTHM, TermTTHM .
Test mg/L mg/L CHCI, CHBrCI, CHBr.Cl CHBr, pg/L removal .
1 0% 8 6 . 14 4 NF§ 24 - —_
0.7 8 15 8 3 NF 26 - P
2 ot 8 12 9 2 NF. 23 R
18.6 8 14 8 8 NF 30 -30
3 0t 8 91 26 6 NF 123 —
227 8 62 7 1 NF 70 43
*Stored for 6 days at 26°C (77°F). Dual-media filter effluent; d £l dies; 5- to 6-mi
time. -
1Af;‘p.ﬂod dose, i fl dies, mg/L =
mg O, x standard liters of gas (O, + O,) x
standard liter of gas (O, + O,) minute litars of water
$Control.
§None found.
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Fighre 74. Batch treatment of Ohio River \;vatér with .ozone.
13-L batchreactor; 3.3 mg O,/L/min. THMFP condi-
tions: pH not reported; 26°C (77°F); storage time, 6
days. ’ ' o ’
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or about 3.3 mg Os/L per minute. In this batch test, the calculated gas/water ratio
for the 6-hour contact time is approx1mately 14:1; therefore, the observed effect was
caused by ozone oxidation and not merely gas stripping, as aeration alone at a 20:1
air/ water ratio was ineffective for reducing the THMFP concentration (Table 37).

Glaze et al. studied the potentla! of ozone for oxidation of trihalomethane
precursors in Texas lake water.”® An example of their findings using a 22-liter batch
reactor and three different ozone ‘doses is shown in Figure 75: With sufficient
exposure to ozone, substantial removal of trihalomethane precursor occurred. Asin
the USEPA in-house study (Table 38), an initial drop in precursor concentration was
followed by an increase with a small additional amount of ozonation, Wthh was
followed by a further decline when more ozone was applied.

10

: ' I ‘
0.8 ]
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= .
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o 04 4
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ngure 75. Ozone destruction of trihalomethane precursors in
- Caddo Lake, TX, water. THMFP conditions: pH 6.5;
26°C (79°F); storage time, 3 days.4¢

To confirm these results, Glaze et al. assumed the initial rate of precursor
disappearance to be exponential and subtracted this projected decay curve from the
actual data. The plot of this difference showed the appearance and then destruction
of a material called “byproduct recursor” by these workers (Figure 76). A similar
result was shown by Riley et al.” (Figure 77), but because their samples were stored
for the determination of TermTHM 'concentrations at different pH values, their
results are difficult to interpret precisely.

To determine what success other investigators have had in oxidizing trihalo-
methane precursors, Trussell®® and Trussel and Umphres® reviewed the literature
and found eight references to this type of work, These data (Table 39) show great
variation in performance, but this is not surprising because of the variations in
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Figure 76. Analysis of THMFP destruction curves for Caddo
Lake, TX, water.4®

experimental conditions among these studies—not the least of which are the
conditions under which TermTHM’s are measured. Taken in the aggregate,
however, the data do indicate the potential of trihalomethane precursor oxidation by
ozone for prevention of formation of trihalomethanes even though ozone doses and
contact times much higher than those used for disinfection may be required.

Chiorine Dioxide—Miltner investigated the effect of chlorine dioxide on
trihalomethane precursors with both raw Ohio River water and prepared humicacid
mixtures.”® In the first part of the study, raw Ohio River water was divided into two
samples, one of which was treated with 2 to 3 mg/ L chlorine dioxide generated by the
method of Granstrom and Lee.”® Both samples were stored for 48 hours, after which
aqueous chlorine was added to both samples. During the 48-hour storage period, the
chlorine dioxide was consumed by the raw water. v

The results of this experiment show that. chlorine dioxide was altering the
precursor, because chlorination of the chlorine dioxide-treated water resulted in
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Figure 77. The influence of ozonation on trihalomethane pre-
B cursors at various pH's. THMFP conditions: pH as
noted; temperature not given; storage time, 4 hr.9s

lower TTHM concentrations than did chlorination of untreated water (Figures 78
and 79). On the other hand, the data in Table 40 (page 133) show that in some in-
stances, higher concentrations of bromodichloromethane and dibromochlorometh-
ane were formed when the water was treated with chilorine dioxide. The reason for
these results is unknown and may even be analytic error. . ]

In the second phase of the Miltner study, two 5 mg/L humic acid mixtures were
prepared.’®* One sample was treated with 2 to 3 mg/L of laboratory-generated
chlorine dioxide, and both samples were stored for 48 hours, during which time the
chlorine dioxide in the treated sample was consumed. Both mixtures were then
chlorinated. Again, chlorine dioxide was reacting to reduce the precursor
concentration, as shown by the reduction in chloroform concentration (Figure 80,
page 134). In this case, chloroform was the only trihalomethane produced. Although
this work does demonstrate the ability of chlorine dioxide to alter precursor materi-
als so.that it does not participate in the trihalomethane formation reaction, as with
ozone, the conditions used here are not typical of water treatment practice. The use
of chlorine dioxide in a more typical manner will be reported in Section VIII:

Potassium Permanganate—A speculation by Rook?' that-the. reaction of
precursors to form trihalomethanes was- characteristic of those of -m-
dihydroxyphenyl moieties led to some unpublished USEPA experiments on
treatment of resorcinol and -m-dihydroxybenzoic dcid solutions. with potassium
permanganate at low.dosages. As expected, this treatment was nearly 100 percent

*The humic acid solution was made using 5 mg of humic acid (Aldricﬁ Chémical Company) mixed in I liter of distilled water
that had been passed through a Super-Q {(Millipore Filter Co.) filter and redistilled in glass; the pH was then adjusted to 10,
. After mixing, this solution was adjusted to pH 7 and mixed for several hours, - . T
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TABLE 39. TRIHALOMETHANE PRECURSOR REDUCTION
WITH OZONE?24.25

Ozone Percent

dose, TermTHM*
Location mg/L reduction
Owaens River 1.0 78
Lake Casitas 2.0 6
Columbia River 0.5 8
Columbia River 1.0 14
Columbia River . 2.0 16 -
Columbia River ' 4.0 16
Ohio River {Louisville) 1.0 6
Ohio River (Louisville) 2.0 22
Ohio River (Louisville) 4.0 30
Ohio River (Louisville) 6.0 46
Ohio River (Louisville) 8.0 46
Bay Bull’s Big Pond 1.0 13
Bay Bull’s Big Pond 2.0 : 19
Bay Bull’s Big Pond 3.0 ) 27
Mokelumne Aqueduct No. 2 2.0 62
Mokelumne Aqueduct No. 2 3.4 59
Mokelumne Aqueduct No. 2 4.5 59
Mokelumne Aqueduct No. 2 6.0 53
Middle River 2.6 -13
Middle River 2.8 -3
Middle River 5.5 : 32
Middle River 10 7
Middle River 11 22
Rotterdam 2 60
Rotterdam 8 50

Orange County 1.0 7

*Moasurement conditions not specified.

effective in preventing the formation of trihalomethanes upon later chlorination of
these substances. To investigate whether or not treatment by potassium
permanganate would remove trihalomethane precursors, Ohio River water was
dosed with potassium permanganate, stored, and subsequently chlorinated.
Chlorination in these experiments was carried out in the presence of the precipitated
manganese dioxide as well as excess, unreacted potassium permanganate. Therefore,
apparent lower precursor concentrations after treatment cannot be attributed to
precipitation and therefore are likely to be the result of the oxidation process.
Selected data from this experiment (Table 41, page 134) indicate limited success in
removing trihalomethane precursors from Ohio River water. The results were variable,
depending on conditions of both potassium permanganate and chlorine treatment.
Note that when potassium permanganate treatment and chlorination are both
carried out at high pH (experiment 2,3), the treatment for precursors does not appear
to be as effective as when both are carried out at neutral pH (experiment 1,5). The
overall yields of trihalomethanes are also greater at high pH (not shown). Thereverse
is true, however, when the chlorination pH is a constant 7.0 (experiment 1,6),
showing that potassium permanganate is a better oxidant for precursor removal at
high pH.
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Figure 78. TTHM concentration after chlorination of chlorine:
dioxide treated and untreated.Ohio River water, pH
7.6; 25°C (77°F).39
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TABLE 40. EFFECT OF CHLORINE DIOXIDE ON TRIHALOMETHANE PRECURSOR
CONCENTRATION IN OHIO RIVER WATER3

Storage Term Percent

Type of Free chlorine, mg/L time, Trihalomethanes, ug/L TTHM.,*  reduction
water Dose Residual hours CHCI, CHBrCi, CHBr,CI CHBr, umol/L TTHM
Raw water (control) 8 Yest 24 59 18.5 4 NFt 0.628 —
Clo,-

treated water§ 8 Yes 24 30 15 8 NF 0.382 39
Raw water (control) 8 3.9 47.5 76 21.6 4 <0.4 0.765 —
Clo,-

treated water§ 8 4.7 475 41 23 13 NF 0.547 29

*Temperature, 25°C (77°F); pH, 6.8, storage time as shown.
{Not quantified.
{None found.
§2 mg/L CIO,.
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Figure 80. Chloroform concentration after chlorination of
chlorine dioxide treated and untreated humic acid
solutions. pH 7.0; 25°C (77°F).2¢ '

TABLE 41. TRIHALOMETHANE PRECURSOR REMOVAL BY
POTASSIUM PERMANGANATE IN OHIO RIVER WATER

KMnO, reaction Chlorine reaction
Total
Experi- Amount Reaction Cl, oxidant Reaction Percent
ment added, time, added, residual,” ~ time, TermTTHM
No. mg/L hours pH mg/L mg/L hours pH reduction
1 0 1.6 7.1 10.5 9.3 2 7.0
5 1.5 71 10.5 13.5 2 7.0 15.4
2 0 1.5 9.3 10.5 9.1 2 9.0
5 1.5 9.3 105 13.3 2 9.0 2.7
3 0 1.5 10.2 105 9.1 2 ‘9.9
85 1.6 10.2 105 13.5 2 9.9 5.6
5 (] 21 7.0 8.9 6.0 24 7.0
10 21 7.0 8.9 14.7 24 7.0 25.0
6 (o] 21 11.5 89 | 6.0 24 7.0
10 21 115 8.9 12.9 24 7.0 35.3
*Recordad as mg/L Ci, and includ d KMnO, {where applicable) as wall as chlorine.
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Singer et al. conducted similar experiments using the raw water supplies of Chapel
Hill and Durham, North Carolina.%” Both are surface supplies with high THMFP.
These experiments also demonstrated greater-effectiveness of potassium perman-
ganate treatment at high pH values when chlorination was carried out near
neutrality. Removals of 30 to 40 percent were reported when potassium perman-
ganate treatments of 10 mg/L were carried out at pH 6.5 and 10.3; respectively.
Because these samples were filtered before chlorination, some of this removal is the
result of precursor precipitation with manganese dioxide, although this effect was
considered by the authors to be much less than that caused by the oxidation
mechanism. In their conclusions, the authors state that potassium permanganate can
decrease the chloroform formation potential of a water and that the extent of this
decrease is related directly to the potassium permanganate dose. In addition, at the
pretreatment -doses of potassium permanganate normally employed (1.5 mg/L or
less), the effect of this treatment is relatively small, and accordingly, if potassium
permanganate is to be used specifically for thlS purpose, much larger doses will be
required. .

Ozone— Ultra-violet Radiation—To determine whether or not irradiating water
with ultra-violet light while treating it with ozone (O3/UV) would enhance the
destruction of trihalomethane precursors, Glaze et al. treated a precursor-rich lake
water with O3/ UV.*° Although they did not examine ozone alone as a control in this
study, their data (Figure 81) do show that at a constant ozone dose, a 4-fold increase
in radiation intensity reduced the treatment time to reach 100 ug/L of THMFP (3-
day, pH 6.5, 26°C [79°F]) from 40 to 21 minutes in the batch reactor. This result
shows that increased quantities of UV energy enhance the removal of precursor when
ozone is used.

400 T T 1 l ! T 1
350G Ozone Dose UV Intensity, ]
Rate, mg/L-min W/L
0 4.00 0.096
300 0 418 0.196 ]
L3 4.09 040’
_, 250
\ .
g.),
a 200 4
[T
=
=
150 ——
100 1+
50 —
0 1
0 10 20 30 40 50 60 70 80 90

OZONE/UV REACTION TIME, min
Figure 81.  Destruction of trihélomethané precursors in Cross

Lake, TX, water by O,/7UV. THMFP conditions; pH
6.5; 26°C (79°F) storage tnme, 3 days.4° ‘
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Hydrogen Peroxide—Hydrogen peroxide has been suggested as an oxidant that
could be used for the removal of trihalomethane precursors. This possibility has been
briefly studied by two investigators,”®”* but unfortunately, both used the unrealistic.
direct aqueous injection method?® of estimating precursor concentrations (see
Section 1V). Conclusions on the usefulness of hydrogen peroxide for precursor
oxidation therefore cannot be made. S

Discussion—

Each of the oxidation techniques discussed in this subsection—ozone, chlorine
dioxide, potassium permanganate, and ozone/ ultra-violet radiation—had some
effect on THMFP concentrations. Doses of the oxidants were higher and contact
times longer, however, than normally used in disinfection practice io accomplish
significant lowering of THMFP. Further, although the precursor materials were
altered so that they no longer could participate in the trihalomethane formation
reaction, these studies did not determine the exact fate of these materials. Thus, the
possibility of creating undesirable byproducts from these oxidative reactions cannot
be ruled out at this time. This means that batch and pilot studies will be required ona
case-by-case basis to determine the ultimate applicability of oxidative techniques for
lowering THMFP. Oxidation reactions of precursor materials are likely to be rather
complex, and byproducts obtained will vary significantly with reaction-conditions,
as will removals of THMFP. Finally, waters high in bromide that produce high
concentrations of TTHM might be treated with ozone to retard or prevent the
formation of the bromine-containing trihalomethanes, thereby lowering the TTHM
concentrations. More work will be needed to investigate this possibility.

Adsorption

Powdered Activated Carbon (PAC)—

General Considerations—Because trihalomethane precursors are a mixture of
many organic chemicals, and this mixture varies from location to location, treating
adsorption of these substances in a theoretical manner is much more difficult than
treating the adsorption of the individually identifiable and quantifiable trihalo-
methanes. Aquatic humic materials, a major contributor to trihalomethane
precursors, are not themselves a single substance. Unlike the individual trihalometh-
anes, the characters of these acidic materials are influenced by numerous variable
factors that will influence their adsorbability. These factors include molecular
weight distribution, pH, inorganic jons present, precursor source, and relative
fractions of humic and fulvic acids.?

These variables are beyond the influence of the physical-chemical characteristics
of the solution on the activated carbon surface itself (which, of course, will affect the
adsorption of even pure substances). Also, trihalomethane precursors cannot be
measured directly, but only by the resulting trihalomethanes formed upon
chlorination of a test sample. Furthermore, the quantity of trihalomethanes formed
depends on the test conditions selected, time of storage, temperature of storage, and
storage pH. The mixture of trihalomethanes formed as well as their total quantity
will depend on the bromide concentration in the water. Thus experimental
adsorption results seemed likely to be quite variable, depending on the water being
treated for precursor removal. Nevertheless, several studies have been conducted
that attempt to demonstrate how the THMFP (in umol/ L} is lowered by treatment
with various doses of PAC. These studies are reviewed here. . :

Experimental Results—An in-house USEPA study assessed the effectiveness of
PAC on the removal of trihalomethane precursors from Ohio River water that had
been coagulated and settled. This water was dosed with varying concentrations of
PAC, mixed at 100 rpm for 2 minutes, and centrifuged for 20 minutes at 1,500 rpm
(480 gravities). The supernatant liquor was then decanted and chlorinated. These
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samples were then stored for 2 days at 25°C (77°F) (pH was not recorded). Four
studies were made with three brands of PAC. Extrapolation from the resulting
adsorption isotherms from three of the studies (Figure 82) show that about 43 mg/L
of PAC would be required to reduce the THMFP from 1 t00.5 pmol/ L in this water.
The adsorption isotherm for the Watercarb® material is atypical and indicates that it
would not be an effective adsorbent for trihalomethane precursors (Figure 82).

! | I Tt !
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Figure 82. Adsorption isotherms from three studies using PAC
. to remove trihalomethane precursors from coagu-
lated and settled Ohio River water. THMFP condi-
tions: pH, not reported; 25°C (77°F); storage time, 2
days. (Darco® M manufactured by ICl America, Inc.,
Atlas Chemical Division, Wilmington, DE 19899;
Nuchar Aqua® manufactured by Westvaco Corpora-
tion, Covington, VA 24426.)
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A project at the New Orleans, LA, water utility was reported by Lykins and
DeMarco.!® The adsorption isotherm from these data for raw Mississippi River
water (Figure 83) would indicate that about 77 mg/L of PAC would be required
to reduce the THMFP concentration from 1 to 0.5 pmol/L. o
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Figure 83. Adsorption isotherm from New Orleans, LA, study
using PAC to remove trihalomethane precursors
from Mississippi River water. THMFP conditions:pH
10; 29°C (85°F); -storage time, 5 days.'%® (Hydro- o
darco® B manufactured by ICl America, Inc., Atlas
Chemical Division, Wilmington, DE 19899.) : ¢

Other studies have been reported in the literature showin